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ABSTRACT
Fly ash is a hazardous waste material to the environment. Beneficial reuse of fly
ash, however, brings economic and environmental benefits, i.e., decreases the cost of
disposal, reduces greenhouse gas emission, and improves mechanical properties of
construction materials. Due to the lack of pozzolanic properties, the reuse rate of Class F
fly ash in geotechnical engineering is relatively low (ACAA 2013). In order to promote
the effectiveness and sustainability of high volume reuse of class F fly ash in
geotechnical engineering, biopolymers (Chitosan, and Xanthan gum) and synthetic
polymers (Polyethylene Oxide, PEO) were used instead of the traditional stabilizers to
improve the engineering behaviors of fly ash-kaolinite mixtures. The effects of polymers
on microstructure development and geotechnical properties (i.e., stiffness, stiffness
anisotropy and strength) of fly ash-kaolinite mixtures were measured in the laboratory.
Shear wave velocity (Vs) and Vs anisotropy of organically modified fly ash-kaolinite
mixtures were investigated by a self-developed floating wall-type consolidometer bender
element testing system. Vs results showed that PEO and chitosan increased Vs of the fly
ash-kaolinite mixtures, while xanthan gum decreased Vs. Vs anisotropy of the fly ashkaolinite mixtures was decreased by the addition of polymers. Critical-state friction
angles of fly ash-kaolinite mixtures increased with the addition of PEO and chitosan,
while decreased with xanthan gum. Polymer bridging and columbic interactions, and the
subsequent changes in size and fabric of kaolinite are the major influencing mechanisms.
Physicochemical effects and the fly ash ratio also contributed to the observed changes.
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NOMENCLATURE
Symbol Description



is the velocity of a medium subject to 1 kPa confinement, m/s



fitting constant, it is related with the contact effects

 z' ,  v' vertical effective stress

 m'

mean normal effective stress

'
 corr

friction corrected mean normal effective stress on the polarization plane



shear stress

 p'

peak friction angle

cs'

critical-state friction angle

'

soil-wall interface friction angle



bulk soil density

w

density of water



unit weight



thermal conductivity



electrical conductivity

i

shear wave length



water content

c

cohesion

K0

coefficient of lateral earth pressure at rest

d50

median grain size

Gs

specific gravity

xvi

Gmax

maximum shear modulus

Rd

a ratio of the shear wave travel distance over the wave length

Li

shear wave travel distance, BE tip-to-tip distance

Fth

threshold fly ash content

R

radius of the fly ash cenospheres

S

fly ash cenospheres shell thickness

D

diameter

H

height

Vs

shear wave velocity

LL

liquid limit

PL

plastic limit

PI

plasticity index

OCR

over consolidation ratio

1. INTRODUCTION

1.1. OVERVIEW
Fly ash is a byproduct that generated from the coal fired thermal power plants.
Generally, the fly ashes are disposed in the geological environment, such as fly ash
ponds, impoundments, and landfills, which not only increase the fly ash transportation
cost but also bring serious problems and pollution to the environment (Ferguson and
Levorson 1999; White et al. 2005; Yeboah and Burns 2011; ACCA 2013). Beneficial
reuse of fly ash, however, can produce positive environmental, economic, and product
benefits. For example, fly ash reuse has been gradually gaining strength in geotechnical
engineering applications in recent decades, such as deep soil mixing, soil replacing, and
soil stabilization (Ferguson 1993). The addition of class C fly ash to soil could change the
soil gradation (physically), bind soil particles together and modify the microstructure
(pozzolanic reaction, chemically); therefore, improves the engineering properties. Due to
its excellent pozzolanic properties, class C fly ash has been reused extensively in
traditional geotechnical engineering applications, however, the reuse rate of class F fly
ash is relatively low which is due to a number of practical reasons, i.e., little cementious
effects (Yeboah and Burns 2011). The class F fly ash normally contains very limited
amount of pozzolanic materials (i.e., calcium, silica and alumina), which needs binding
agents (i.e., lime and cement) to activate the pozzolanic process (Ferguson 1993).
However, the volume of the reused class F fly ash by traditional stabilizers (lime/cement)
is normally less than 20 wt.% (Ferguson 1993; Zia and Fox 2000; White et al. 2005). In
addition, the manufacture process of cement/lime will result in high volume of
greenhouse gas emission (CO2). Therefore, environmental friendly and sustainable
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binding agents that can substitute traditional stabilizers and reduce greenhouse gas
emission are highly needed for fostering high volume reuse of class F fly ash in
geotechnical engineering.
Recent development of polymer science has brought revolutionary breakthrough
to soil stabilization/modification in geotechnical engineering. A number of studies have
been published discussing the use of organic polymers as soil conditioners and for
improving soil structure and physical properties. Organic agents (organic cations,
surfactants, synthetic polymers, and biopolymers) are found to have the abilities to
enhance the bonding between adjacent soil aggregates, improve the stiffness, shear
strength, and erosion resistance of geomaterials (Martin et al. 1996; Kavazanjian et al.
2009; Cabalar and Canakci, 2005; Khatami and O’Kelly 2013; Bate et al. 2013; Bate et
al. 2014). The adsorbed polymers were able to reduce net surface charge (indicated by
zeta potential) of the soil particles, condense the soil fabric, and increase the interparticle
attractive forces and the interfacial frictional characteristics (Bate et al. 2013; Nugent et
al. 2010; Orts et al. 2007). Furthermore, organic polymers were considered as
environmental friendly and cost-effective binding agents that are capable of substituting
traditional soil stabilizers (such as cement and lime) and reducing greenhouse gas
emission and effect of global warming.
The advantages of organic polymers and successful cases reported in the literature
have shown promising results, however, only a few studies were performed on modifying
the fly ash-kaolinite mixtures with organic matters. Productive reuse of fly ash has
significant meaning to the sustainable development. The interactions between fly ash
particles/soil particles and polymers could provide additional bonding (i.e., polymer
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bridging), which might also improve the engineering performance of the organically
modified fly ash-soil mixtures. Therefore, in order to foster high volume reuse of class F
fly ash in geotechnical engineering practice and provide in-depth understanding of the
connections between mechanical and physicochemical properties of the organically fly
ash-kaolinite mixtures, the effects of polymers on the geotechnical properties (i.e.,
stiffness and strength) of fly ash-kaolinite mixtures were investigated and the associated
polymer-soil stabilization mechanisms were explored in this study.
1.2. OBJECTIVES
In order to foster high volume reuse of class F fly ash in geotechnical engineering
practice and provide in-depth understanding of the connections between mechanical and
physicochemical properties of the organically modified fly ash-kaolinite mixtures, the
effects of organic agents (both synthetic polymers and biopolymers) on the geotechnical
properties of Class F fly ash-kaolinite mixtures were investigated and the main objectives
of this study are listed as follows:
(1) Characterize the microstructure of organically modified fly ash-kaolinite
mixtures by using the scanning electron microscopy (SEM), and investigate their
physicochemical properties (i.e., pH, conductivity) and geotechnical properties (i.e.,
Atterberg limits, proctor characteristics, compressibility and swelling potential and
thermal conductivity).
(2) Design and manufacture a ﬂoating wall consolidometer-type bender element
testing system which is able to measure the Vs of a soil sample in three orthogonal
directions (i.e., vh, hv, and hh) under high stress levels. Investigate the salt effect and
stress-induced Vs anisotropy of kaolinite samples during K0 consolidation.

4
(3) Quantify the stiffness and stiffness anisotropy of fly ash-containing
geomaterials and elucidates their dependency on the polymeric additives with selfdeveloped floating-type consolidometer bender element testing system. The influencing
factors on Vs and Vs anisotropy of a binary system (fly ash-kaolinite mixture), including
the stress conditions, physicochemical conditions of polymer solutions, and the
associated underlying mechanisms were evaluated and discussed.
(4) Investigate the large-strain stress-strain behaviors of organically modified fly
ash-kaolinite mixtures by conducting consolidated undrained (CU) triaxial shear tests and
evaluate the effects of polymers on the induced stress-strain behaviors of the fly ashkaolinite mixtures.
1.3. DISSERTATION LAYOUT
This dissertation includes seven chapters. The first and second chapters are
focused on the introduction and literature of the roles of fly ash and organic agents in
stabilizing problematic soils and the bender element testing system and Vs anisotropy of
geomaterials. The potential of organic agents to increase the stiffness and shear resistance
is explored and a description of the studies of the organic effects was presented.
The objective (1) is achieved in Chapter 3 and which describes characterization of
the research materials and some basic geotechnical properties of the organically modified
fly ash-kaolinite mixtures. Focuses are given on the material properties, microfabrics
(SEM images), Atterberg limits, thermal conductivity, and the proctor compaction
behaviors of the organically modified fly ash-kaolinite mixtures.
Chapter 4 meets the objective (2) which shows the detailed design, development,
and manufacture of the floating wall consolidometer-type bender element testing system,
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and its capability to test the Vs and the Vs anisotropy of geomaterials. The floating wall
design eliminated the detrimental bending moment that acted upon the horizontally
installed bender elements due to soil settlement in a traditional fixed wall setup, which
significantly improved signal quality and bender element reuse. One-dimensionally
slurry-consolidated Georgia RP-2 Kaolinite samples, prepared with 0.005 and 1 mol/l
NaCl solutions, were tested in this system. Stress and salinity influences on the stiffness
and fabric anisotropy of kaolinite are discussed and related with the special microfabrics.
In addition, a theoretical equation was derived to account for the soil-wall interface
friction loss during large strain consolidation.
Chapter 5 meets the objective (3) which investigated the Vs and the Vs anisotropy
of organically modified fly ash-kaolinite mixtures using the newly designed floating wall
consolidometer type bender element testing system. The effects of stress, fly ash content,
and polymers on the compressibility, the swelling potential, the Vs, and Vs anisotropy of
fly ash-kaolinite mixtures were investigated. The cross-anisotropy of the organically
modified fly ash-kaolinite mixtures has also been evaluated by using the novel designed
bender element testing system.
Consolidated undrained triaxial shear test results on the organically modified soils
are shown in chapter 6. This chapter addressed the objective (4) which focused on
investigating the consolidated undrained stress-strain behaviors and the critical-state
friction angles of organically modified fly ash-kaolinite mixtures.
Chapter 7 gives the conclusion of all the studies performed as part of this
dissertation. Potential applications are proposed. Also, areas of future work are
recommended.

6
2. LITERATURE REVIEW

2.1. BENEFICIAL REUSE OF FLY ASH
Every year, over 90% of the U.S. coal is burned in coal-fired power plants for
electricity production, which inevitably generate large amount of coal combustion
residuals (CCRs, which typically categorized as fly ash, bottom ash, and slag) (EIA,
2014). American Coal Ash Association (ACAA) reported that about 115 million metric
tons of CCRs were produced annually in the U.S. (ACAA annual report, 2013), where fly
ash is the dominant and accounted for 46% (53.4 million metric tons). At first glance, fly
ash is very fine powders in grey to yellow color. Hydrometer test revealed that the fly ash
particle distributions are generally in a range of silt to fine sand, i.e., Vempati et al.
(1994) conducted a detailed research of the particle size distributions of class F fly ash
and found that about 90% of the particle size was greater than 0.09 mm, and less than 1%
of the fly ash particle was presented in the fine fraction (less than 0.075 mm). The
microstructure of fly ash has been discovered under the help of the Scanning Electron
Microcopy (SEM). Generally, fly ash particles are in spherical shape and varied in size.
Most of the fly ash particles are smooth, while some relatively oversized particles have
highly outlines (Kang et al. 2013; White et al. 2005). The liquid limit (LL) and plastic
limit (PL) of fly ash are found to be very close to each other (Kang et al. 2013), thus it is
usually considered as non-plasticity geomaterials. The mineralogical composition of fly
ash is largely dependent on the geological factors that related to the formation and
deposition of coal and its combustion conditions. According to the different chemical
compositions, fly ash is generally classified into two types, the class C fly ash and the
Class F fly ash, respectively (ASTM C618). Class C fly ash has high volume of calcium,
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silica and alumina which exhibits good self-cementitious properties. On the contrary,
class F fly ash has very weak pozzolanic effects. Some fly ashes may also contain heavy
metals and even with radioactive substances.
The majority of the fly ash is disposed in geological environment, such as
landfills and surface impoundments. The disposed fly ash is considered as a hazardous
waste which poses great hazards to the environment (ACAA 2013; Ferguson and
Levorson 1999; White et al. 2005; Yeboah and Burns 2011). For example, a huge coal
ash spill was discovered on February 2, 2014 at the Duke Energy power plant in North
Carolina. Approximately 82,000 tons of fly ash was flowed into the Dan River which
caused significant damage to the riverbank and the residential neighborhood. The Dan
River spill, however, is not the only recent spill of fly ash. A catastrophic failure of fly
ash dike was happened at Tennessee Valley Authority’s (TVA’s) Kingston Fossil Plant
on Dec. 22nd, 2008. About 1.1 billion gallons of coal ash was released and covered
roughly 300 acres, directly impacted about 400 homes, destroyed a highway and railroad
line, and closed the adjacent Emory River (Dotson et al. 2013). In addition, the trace
amount of heavy metals and other substances in fly ash are often leached into
underground water and aquifers by rainwater infiltration and seepage flow (Class F fly
ash, Walker 2005), which pollute the environment and bring detrimental effects to the
human health. In 2014, for instance, residents living near the Buck Steam Station in
Dukeville, North Carolina, were told that “coal ash pits near their homes could be
leaching dangerous materials into groundwater”. Moreover, exposure to fly ash through
skin contact, inhalation of fine particle dust, and drinking water may also present health
risks. The National Academy of Sciences noted in 2007 that “the presence of high
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contaminant levels in many CCR leachates may create human health and ecological
concerns”.
Although the disposed fly ash has been considered as hazardous waste, beneficial
reuse of fly ash has significant meaning to the sustainable development and global energy
market. The US Environmental Protection Agency (EPA) encourages beneficial reuse of
fly ash in an appropriate and protective manner, because this practice can produce
positive environmental, economic, and product benefits such as: reduced use of virgin
resources, lower greenhouse gas emissions, reduced cost of fly ash disposal, and
improved strength and durability of materials. Due to its excellent pozzolanic
characteristics, the reuse of fly ash in soil stabilization, construction and building
materials, and highway and subgrade soil replacement have brought important benefits to
the environment and the economy when used in encapsulated forms. For example, one of
the largest encapsulated use reported by the American Coal Ash Association (ACAA
2013) is reuse of fly ash in “concrete/concrete products/grout” (11.8 million tons),
making up nearly 50 percent of the total amount of coal ash that is beneficially reused.
2.2. FLY ASH SOIL STABILIZATION
In geotechnical engineering, fly ash was found to be a good binding agent for soil
stabilization. The addition of class C fly ash can improve soil workability; reduce
segregation,

compromises

drying

and

shrinkage,

decreases

permeability

and

compressibility, and increase stiffness and strength (Ferguson 1993; Kang et al. 2013;
Kang et al. 2015; Levorson 1999; White et al. 2005; Yeboah and Burns 2011). However,
the coal combustion production and use survey report from American Coal Ash
Association (ACAA 2013) indicated that the reuse rate of fly ash in geotechnical
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applications is relatively low. For example, the percentage of fly ash reuse in structural
fills/embankments, road base/sub base, and soil modification/stabilization only takes
1.2%, 0.6%, and 12.8% of the total amount of fly ash, which is far below the reuse rate of
fly ash in concrete/productions (50%).
Soil stabilization by fly ash depends on the fly ash hydration (short term strength
gain) and pozzolanic reactions (long term strength gain). The hydration of fly ash
compresses the soil particle’s DDL and promotes flocculation and aggregation, which
results in the increased pore solution surface tension and producing an increase of the
apparent cohesion between soil particles, thus improves the early strength of the fly ashsoil mixtures. The short term strength gain, however, is generally weak compared with
the long term strength improvement resulted from pozzolanic reactions (White et al.
2005). Pozzolanic reaction happens when fly ash contains (or cement and lime are added)
high volume of calcium oxide (CaO) / calcium hydroxide (Ca(OH)2), during which the
calcium silicate/aluminate hydrate (CSH/CASH) are produced. The pozzolanic products
(CSH/CASH) will fill the capillary pores, bind soil particles together and densify the
microstructure, thus increases the strength and stiffness of the stabilized soil (Janz and
Johansson 2002). However, the hydration of cement and particularly that of lime plays an
important role in initiating the pozzolanic reactions because the pozzolanic reaction rate
and strength gain are promotional to the volume of Ca(OH)2, therefore, the cost for soil
stabilization will increase as more binding agents have been added.
Compared to class C fly ash, the reuse of class F fly ash in geotechnical
engineering applications is relatively low (ACAA 2013) which is due to a number of
practical reasons, including little cementitious effects, easy to be liquefied, drastic
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mechanical drop due to small variation of water content, weak water retention capacity,
lack of the guidelines to characterize fly ash, and environment concerns. Traditional
stabilizers, such as lime and cement, are often used together with Class F fly ash to
effectively enhance the pozzolanic reactions so as to improve the mechanical properties
of the fly ash-soil mixtures. However the volume of the reused fly ash by traditional
stabilizers is normally less than 20 wt.%, above which desiccation cracks might develop
and significantly reduce the strength (White et al. 2005; Zia and Fox 2000). Besides, the
costs of lime and cement are high and their manufacture process will result in high
volume of greenhouse gas emission (CO2) which is harmful to the environment. For
example, every one ton of cement produced, about one ton of carbon dioxide is released
and about 6.5 million BTUs (British thermal unit, 1 BTU=1055 joules) of energy is
consumed which is enough electricity to power the average American home for almost a
month (Natesan et al. 2003). Furthermore, the Class F fly ash-soil mixture’s strength was
found to increase as the class F fly ash content increased, however, the shear strength
become quite constant when at high fly ash content (50 wt.%-80 wt.%, Kim et al. 2005;
Rivard-Lentz et al. 1997). Therefore, in order to foster high volume reuse of class F fly
ash in traditional geotechnical engineering, alternative stabilizers, such as organic
polymers, are highly needed to replace the traditional stabilizers, improve the engineering
properties of the fly ash-kaolinite mixture, and reduce the cost and environmental
problems caused by the disposal of fly ash.
2.3. POLYMER SOIL STABILIZATION
Environmental friendly and sustainable binding agents, i.e., organic polymers,
could not only substitute the traditional stabilizers (cement/lime) but also reduce the
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greenhouse gas emission from Portland cement industry. A number of recent studies
indicated that the organic polymers, such as surfactants and polymers, could effectively
improve stiffness (Bate et al. 2013; Choo et al. 2015), shear strength (Al-Khanbashi and
Abdalla 2006; Bate 2010; Bate and Burns 2010; Bate et al. 2013; Bate et al. 2014;
Cabalar and Canakci 2005; Khatami and O’Kelly 2013; Martin et al. 1996; Newman and
Tingle 2004), frictional resistance (Bate et al. 2013; Bate et al. 2014; Graber et al. 2006;
Yoshizawa et al. 1993), wind and tide erosion resistance (Aase et al. 1998; Kavazanjian
et al. 2009; Nugent et al. 2010; Orts et al. 2007; Williams et al. 2014), and permeability
(Bouazza et al. 2009) of geomaterials due to the extensive polymer-clay interactions. For
example, the addition of a surfactant with long carbon chain (C16) onto montmorillonite
can increase the friction angle up to 60o, and increase the shear wave velocity (Vs) up to
154 m/s at a mean normal stress of 50 kPa (Bate et al. 2013; Bate et al. 2014).
Furthermore, increasing number of studies on organically modified soils were reported in
drilling slurry (Mazzieri et al. 2010), slurry wall, mineral separation (Chandraprabha et
al. 2004), and geosynthetic clay liners (Lake and Rowe 2005).
The soil improvement mechanisms by polymers are more complicated, consisting
of polymer bridging, Coulomb forces, and the interaction between the individual function
group and the clay mineral surfaces. Fly ash is often negatively charged, the reuse of
which in geotechnical engineering could also benefit from the addition of organics
through polymer bridging and electrostatic forces. Polymer-soil interactions depend on
the polymer charge or polarity; therefore, the cationic, neutral, and anionic polymers will
have distinct interactions with the negatively charged clay surfaces (Theng 1982). In
summary, Columbian interaction (electrostatic forces), intercalation into the interlayer
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space of expandable clays, ion-dipole interaction, hydrogen boding, and van der Waals
forces are the common mechanisms that govern the polymer-clay interactions
(Israelachvili 2011; Theng 1982). Cationic polymers, such as polyacrylamide (PAM) and
Chitosan, are normally attracted by the negatively charged sites along kaolinite surface
through Coulombian attraction (charge neutralization). Once charge neutralization has
reached, long-range van der Waals forces and short-range ion-dipole interactions become
dominant (Kim and Palomino 2009; Kim and Yang 2012). For non-ionic polymers,
hydrogen bonding is the dominant method of adsorption which usually takes place with
different functional groups at the surface of the long chains of polymers, i.e., the oxygen
and hydroxide functional groups on the kaolinite surface could form hydrogen boding
with non-ionic polymers, like polyacrylamide and PEO (Mpofu et al. 2004; Theng 1982).
The anionic polymers could interact with the positively charged edge of kaolinite via
electrostatic attraction (Benchabane and Bekkour 2006; Tan et al. 2014; Zhang et al.
2013), however, limited adsorption may occur which is due to the relative small area of
the “edge” of kaolinite and the strong electrostatic repulsion forces that exist among the
negatively charged clay particles and polymers, thus the polymer chains are extended and
repelled out with loops and tails (Labille et al. 2005). Higher molecular weight polymers
will simultaneously adsorb to several clay particles, forming a three-dimensional matrix.
The adsorption process is called “polymer bridging” where the adsorbed polymers serve
as “bridges” to agglomerate the suspended particles together and cause flocculation and
aggregation (Kim and Yang 2012; Mpofu et al. 2004; Nasser and James 2006; Theng
1982). Chemical properties which include the polymer weight, polymer structure,
polymer surface charge, and solubility were all found to influence the polymer adsorption
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processes (Kim and Palomino 2009; Nasser and James 2006) and effect of polymer
bridging. Polymer clay interactions facilitate microscale fabric change of soil aggregates,
which in turn lead to strengthen their macroscale engineering properties.
2.4. THE STRENGTH, STIFFNESS, AND STIFFNESS ANISOTROPY OF
POLYMER MODIFIED FLY ASH-KAOLINITE MIXTURES
2.4.1. Strength. The soil stabilization mechanisms by polymers depend on the
polymer-soil interactions. A recent study from Nath et al. (2009) showed that the
tensile/axial strength of polymer coated (Class F) fly ash was increased up to 33%.
Polymers will interact with both the fly ash and kaolinite; however, their effects and
mechanisms on the mechanical properties of fly ash-soil mixtures are not well
documented in the literature. A detailed literature review indicated that the strength
improvement of polymer modified coarse grained soils is mainly attributed to the
polymer induced “cohesion” (Cabalar and Canakci 2005; Khatami and O’Kelly 2013;
Martin et al. 1996), where the stiffness of polymer “bonds” between sand grains could
reach up to 3.8 GPa (Cole et al. 2012). For polymer modified fine grained soils, the
strength improvement is attributed to the reduce the net surface charge (indicated by zeta
potential) and increase of the interparticle attractive forces due to polymer bridging,
Coulombian forces, polymer crosslinking, and formation of the polymer-soil interwoven
network (Mitchell and Santamarina 2005; Newman and Tingle 2004; Nugent et al. 2010;
Orts et al. 2007; Podsiadlo et al. 20007; Ringelberg et al. 2014; Zhang et al. 2013). The
increase of interparticle attractive force by polymer bridging could lead to a flocculated
and aggregated interconnected clay-water-polymer network, which condense the soil,
increase the aggregate size and effective consolidation pressure, and decrease the pore
volumes and water content (Mitchell and Soga 2005), and finally contribute to the
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increase of shear strength. On the contrary, dispersion polymers treated soil showed
reduction in shear strength which is mainly due to the decrease of attractive forces
between clay particles and the polymer induced loose-open microfabric with high double
layer repulsion force and exhibited lower internal friction angle (Delage and Lefebvre
1984; Di Maio 1996; Mitchell and Soga 2005; Ringelberg et al. 2014; Santamarina et al.
2001; Wang and Siu 2006; Zhang et al. 2013; Zumsteng et al. 2013).
2.4.2. Stiffness and Stiffness Anisotropy. In recent decades, bender element
(BE) has become a standard tool in geotechnical engineering that has been incorporated
into conventional triaxial devices, direct shear devices, oedometers, simple shear devices,
and model tests to measure the stiffness ( Gmax  Vs2 ) of geomaterials (Dyvik and
Madshus 1985; Lee and Santamarina 2005; Shirley 1978; Thomann and Hryciw 1990;
Viggiani and Atkinson 1995). The bender element (piezo-ceramic bending actuator) is
an electrical mechanical transducer which can convert mechanical energy either to or
from electrical energy. When a voltage is applied to the bender element, one plate will
elongate and the other will shorten, thus a net bending displacement is resulted. On the
other hand, when a bender element is forced to bend, one layer of the ceramic plate will
undergo tension and the other layer will be in compression, and then an electrical signal
will be generated. A voltage pulse will cause the entire bender element to bend and
generate a “pulse” (shear wave) that can transmit from bender element tip to its adjacent
contact soil particles when the bender element is protruded into opposite ends of a soil
specimen. The soil particles are vibrated by the transmitting of shear wave. When the
shear wave reaches the other bender element (receiver), the distortion of the receiver
bender element produces another voltage pulse. The time difference between the two
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voltage pulses is measured with an oscilloscope and divided into the distance between the
tips of the bender elements to give the shear wave velocity (Vs) of the specimen. A
floating wall consolidometer-type bender element testing system was designed in this
study which is capable to test the Vs and the Vs anisotropy (Vs in three orthogonal
directions) of geomaterials under high stress levels. Compared with the previous designs
of bender element testing system (Lee et al. 2008; Leong et al. 2009), the floating wall
design eliminated the detrimental bending moment that acted upon the horizontally
installed bender elements due to soil settlement in a traditional fixed wall setup, which
significantly improved signal quality and bender element reuse. The detailed design,
advantages and limitations of floating wall consolidometer-type bender element testing
system are presented in Chapter 4.
Geomaterials often have strong anisotropy properties; therefore, the Vs is
dependent on the structure of the soil fabric and the measuring directions, for example, in
longitudinal or transverse (Jovicic and Coop 1998; Kang et al. 2014; Ng and Leung 2007;
Ng et al. 2009; Pennington et al. 1997; Roesler 1979; Santamarina and Cascante 1996;
Santamarina et al. 2001; Stoke et al. 1985; Wang and Mok 2008;). The Vs anisotropy of
soils is usually evaluated by comparing the Vs in three orthogonal directions, i.e., Vs hh ,

Vs hv , and Vs  vh ; where the first subscript letter denotes the direction of the shear wave
propagation direction and the second subscript letter represents the direction of the soil
particle vibration (v = vertical, and h= horizontal). The Vs hh , Vs hv , and Vs  vh are
compared during loading and unloading stages which yields significant insight into the Vs
anisotropy of soils.
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In general, the anisotropic characteristics of soils are related to the applied stress,
the inherent soil fabric, and the physiochemical conditions (ionic strength and pH, Kang
et al. 2014). Stress anisotropy could cause Vs anisotropy of geomaterials composed of
non-angular particles, such as round sand/spherical fly ash/glass beads (Stoke et al.
1985), because the Vs anisotropy of coarse grained soils is majorly dependent on the
stress components in the direction of shear wave propagation and polarization, but
relatively independent of the out-of-plane stress component. Due to geological
sedimentation process or higher overburden stress (Bellotti et al. 1996), platy-clay
particles often possessed preferential alignment which contributes to the fabric
anisotropy, therefore, the Vs hh is always higher than the Vs hv and Vs  vh (Bellotti et al.
1996; Kang et al. 2014; Pennington et al. 1997). Anisotropic initial state of stress,
interparticle contact orientation, stress history of the medium, micro-cracks inside the
materials, inclusions, and laminated media could also contribute to the fabric anisotropy
of clays, thus leads to the Vs anisotropy, i.e., K0 consolidation induces preferential
alignment of clay fabric in a direction that is normal to the applied loading (Kang et al.
2014; Santamarina and Cascante 1996; Santamarina et al. 2001; Wang and Mok 2008).
Studies of stiffness anisotropy of organic matter modified clays indicated that the
organoclays have inherent anisotropy and cross anisotropy, which are comparable to that
of the inorganic soils (Choo et al. 2015). The preloading effect of organoclays was found
to decrease with increasing of the total organic content (Choo et al. 2015), which is
mainly due to the decrease of the permanent fabric change and the release of the lateral
stress locking. Although organic polymers were found to influence the stress induced
fabric anisotropy of clays, few studies have investigated the effects of polymers on the Vs
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anisotropy of the fly ash-clay mixtures. Spherical particles (i.e., Fly ash) have less
inherent anisotropy and less stress induced fabric anisotropy compared with plate-like
particles (i.e., clay, Wang and Mok 2008). The Vs anisotropy of the organically fly ashclay mixture, however, would be neither similar to organic clay, nor similar to coarse
grained soil (fly ash), which would be largely dependent on the organic type, initial
fabric, fly ash mixing ratios, and the associated stress states of the fly ash-clay mixture.
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3. CHARACTERIZATION OF ORGANICALLY MODIFIED FLY ASHKAOLINITE MIXTURES

3.1. INTRODUCTION
Owning to the chemically active surfaces of clays, polymers can extensively
interact with the clay particles via polymer bridging, hydrogen bonding, and electrostatic
forces (Israelachvili 2011; Theng 1982). The adsorption process is usually taken place
with different functional groups at the surface of the long chains of polymers, as a result,
the interparticle forces are altered by the polymer-clay-fly ash interactions, which lead to
the rearrangement of clay particle associations, change of the microfabric, and eventually
influence the macroscale soil properties (i.e., Atterberg limits, compressibility, stiffness,
and strength). For example, positively charged polymers could neutralize the clay’s
negative surface charge (reflected by zeta potential) and compress the thickness of the
diffuse double layer (DDL), which alter the interparticle forces and lead to the
microfabric change (flocculation and aggregation) (Bate and Burns 2010; Kim and
Palomino 2009; Nabzar et al. 1984).
The addition of organics to fly ash could also improve the strength properties by
polymer bridging and electrostatic forces (Nath et al. 2009); however, the effects of
polymers on the geotechnical properties of fly ash-soil mixtures are not well documented
in the literature. Fly ash hydration could change the soil’s pore fluid chemistry, which
modifies the physicochemical properties of soil particles, breaks the balance of
interparticle forces, and finally leads to the microfabric change (Ferguson 1993; Janz and
Johansson 2002; Kang et al. 2013; Yeboah and Burns 2011). Mixing of polymers in soil
could also induce flocculation and aggregation (Huang and Chen 1996; Kim and
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Palomino 2009; Mpofu et al 2004). Therefore, the geotechnical properties such as
friction, contact angles, wettability, compressibility, permeability, and strength, would be
largely dependent on the flocculated and aggregated interconnected clay-water-polymerfly ash network (Mitchell and Soga 2005; Nasser and James 2006; Nugent et al. 2010;
Santamarina et al. 2001).
This chapter performs characterization of organically modified fly ash-kaolinite
mixtures. Sedimentation tests were carried out in batches to screen out the potential
polymers and optimum dosage in flocculation and aggregation (Kang et al. 2013). Three
different organic agents, which include both biopolymers (Chitosan and Xanthan gum)
and synthetic polymers (PEO), were selected to modify the fly ash-kaolinite mixtures.
Theses selected polymers could reflect the influence of molecular weight, surface charge,
and polymer type on the mechanical properties and microstructure of the organically
modified soil. The microfabric, physicochemical properties, and engineering properties
(include the particle size distribution, Atterberg limits, thermal conductivity, and dry unit
weight) of the organically modified fly ash-kaolinite mixtures were characterized with
scanning electron microscopy (SEM) test, electrical conductivity test, pH measurements,
grain size distribution test, Atterberg limit test, thermal conductivity test, and proctor
compaction test.
3.2. MATERIALS
Georgia kaolinite (RP-2, Active Minerals International) was used in this study.
The grain size distribution curve of the Georgia kaolinite is shown in Figure 3-1. The
kaolinite was an air-float processed clay, with a specific gravity Gs = 2.6 and an average
aggregates diameter (d50) of 0.0004 mm. Fly ash from Lafarge power plants, Wisconsin,
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USA, was used in this study. The fly ash is classified as Class F (ASTM standard C 618)
which has little self-cementious properties, thus. The grain size distribution curve of the
fly ash is also shown in Figure 3-1, with an average diameter (d50) of 0.028mm and
specific gravity Gs = 2.7. Compared to kaolinite, the fly ash particles are 70 times larger
whose particle sizes are in a range of silt (25%) to fine sand (75%). The chemical
components of the fly ash and kaolinite are tabulated in Table 3-1. The major chemical
components of kaolinite are Al2O3 (45.60%) and SiO2 (38.40%). Large volume of
amorphous chemical component (63.5%) was detected in the fly ash sample, and the
aluminum oxide (Al2O3) and mullite (Al6Si2O13) are the major crystal components.
Three polymers were selected to improve the strength of fly ash-kaolinite
mixtures: Nonionic Polyethylene Oxide ( ( CH 2CH 2O )n , PEO), positively-charged
Chitosan ( (C6 H11NO4 )n ), and negatively charged xanthan gum ( (C35 H 49O29 )n ). Theses
selected polymers reflected the influence of molecular weight, surface charge, and
polymer type on the mechanical properties and microstructure of the organically
modified soils. The chemical structures of the selected polymers are shown in Figure 3-2.
PEO is perceived as a “flexible” polymer, with a structure described as a random coil
and can change conformation dynamically in solution (Mpofu et al. 2004). The PEO
polymer used in this research has a molecular weight (M.W.) of 600,000 g mol 1 .
Chitosan is produced commercially by deacetylation of chitin, which is the structural
element in the exoskeleton of crustaceans (such as crabs and shrimp) and cell walls of
fungi. Chitosan adopted in this research has a M.W. of 100,000-300,000 g mol 1 .
Xanthan gum is an anionic polysaccharide, derived from the bacterial coat of
Xanthomonas campestris, which usually used as rheology modifier and soil conditioner.
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The xanthan gum used in this research has a M.W. of 90,000-160,000 g mol 1 . All
chemicals were purchased from Fisher Scientific, and were used as received.

Figure 3-1 Grain size distributions of the kaolinite and fly ash.

3.3. METHODOLOGY
Scanning Electron Microscopy (SEM) test was performed on kaolinite, fly ash,
and organically modified kaolinite and fly ash-kaolinite samples with SEM S-4700
(Hitachi Inc.). Sample surfaces were coated with a conductivity material, gold, using a
sputter-coater (Hitachi E 1030) so as to increase the surface electrical conductivity and
ensure high quality images. For each sample, four to six images were taken and
compared, and then a representative image was reported.
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Kaolinite
Chemical
Percentage
Component
SiO2
45.60%
Al2O3
38.40%
Fe2O3
0.88%
TiO2
1.69%
CaO
0.05%
MgO
0.02%
K2 O
0.15%
Na2O
0.21%
LOI
13.70%

Crystal

Table 3-1 Chemical analysis results of RP-2 kaolinite and fly ash based on the X-Ray
Diffraction (XRD) test
Fly Ash
Chemical
Percentage
Component
Al2O3
16.2%
SiO2
6.4%
Fe2O3
3.9%
Al6Si2O13
10.1%

Amorphous

63.5%

PEO

Xanthan gum
Chitosan

Figure 3-2 The chemical structures of PEO, Chitosan, and Xanthan gum.

Liquid limit (LL) tests were performed using the Casagrande cup method
following the procedures specified in the ASTM standard D 4318 (ASTM 2006). The
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tests were performed by adding a small amount of biopolymer solution to dry kaolinite
powder and hand mixing the clay and biopolymer solution together until a homogenous
paste was formed. Then the clay and biopolymer mixture was tested in a Casagrande cup.
Some of the mixture in the Casagrande cup was used to measure the water content of the
mixture, according to ASTM standard D 2216 (ASTM 2006). The Casagrande cup test
was repeated, and four points were collected to determine each liquid limit.
Standard proctor compaction test was carried out on the organically treated soils
in accordance with ASTM D 698. After the proctor compaction, thermal conductivity
measurement was carried out immediately on the compacted samples with Decagon
Devices KD2 Pro Thermal Properties Analyzer (Figure 3-3). The KD2 Pro Thermal
Properties Analyzer consists of a handheld controller and sensors that can be inserted into
subject soil specimen. A dual-needle SH-1 sensor was used to obtain all the thermal
conductivity data in this study.
pH is the measurement of the acidity or basicity of an aqueous solution. Electrical
conductivity is the measurement of a material’s ability to accommodate the transport of
an electric charge. In this study, all the pH and electrical conductivity measurements were
conducted with the Accument Excel XL 60 Dual Channel pH/Ion/Conductivity/DO meter
(Figure 3-3), purchased from Fisher Scientiﬁc. The room temperature was approximately
at 24 20 C .
3.4. RESULTS AND DISSCUSSIONS
3.4.1. Scanning Electron Microscopy (SEM) Images. Both the original fly ash
particles and the broken fly ash particles are shown in Figures 3-4a and 3-4b. The fly ash
particles are primarily in spherical shape with different diameters (Figure 3-4a). Small fly
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ash particles are attached to large particles with the contact area varies significantly. The
majority of the fly ash particles are smooth, while some large particles have irregular
shapes. The broken fly ash particles indicated that most of the fly ash particles were
cenospheres with hollow inside (Figure 3-4b). The shell thickness of the fly ash
cenospheres is determined from a statistics analysis of the SEM images (i.e., Figure 3-4b)
of the broken fly ash particles by assuming normal distribution.

(a)

(b)

Figure 3-3 (a) Decagon Devices KD2 Pro thermal properties analyzer; (b) Accument
excel XL 60 dual channel pH/Ion/Conductivity/DO meter.

The platy-shaped Georgia RP-2 kaolinite particles can be seen in Figure 3-4c,
where kaolinite particles were randomly arranged with no observable fabrics.
SEM images of kaolinite treated by three different organic agents were presented
in Figures 3-4d, 3-4e, and 3-4f. The polymer dosage were controlled at 1.0g/l for all the
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specimens. Based on the test observation, PEO was found to induce higher degree of
Face-to-Face (FF) aggregations to the kaolinite (Figure 3-4d). On the other hand, more
Edge-to-Edge (EE) and Edge-to-Face (EF) particle associations were observed in both
chitosan and xanthan gum treated kaolinite (Figures 3-4e and 3-4f). Compared with PEO
induced aggregates, the xanthan gum and chitosan induced kaolinite aggregates are much
smaller (indicated by the measurement bar).
SEM images of 30% fly ash + 70% kaolinite mixture, 60% fly ash + 40%
kaolinite mixture, and 100% fly ash samples are shown in Figures 3-5a, 3-5b, and 3-5c.
As fly ash mixing ratio increases, the contacts from kaolinite-to-kaolinite gradually shift
to fly ash-to-kaolinite contact, and finally change to the fly ash-to-fly ash contact (fly ash
particles were indicated by the red circles).
The SEM images of organically treated fly ash-kaolinite mixtures at a fixed ash to
soil weight ratio of 30% to 70% were presented in Figures 3-5d to 3-5f. Compared with
unmodified fly ash-kaolinite mixtures (see Figure 3-5d), the addition of the polymers
have induced flocculation (EF) and aggregation (FF) to the soil and formed a dense
microfabric (Figures 3-5d and 3-5e). In general, the fly ash particles are found
surrounded by the polymer induced highly compacted kaolinite aggregates.
The organic polymers have induced a dense packing by interconnecting fly ash
particles and kaolinite aggregates together. Owning to the large aggregates and dense
microfabric induced by the addition of polymers, the geotechnical properties, such as
shear strength, stiffness, and compressibility at macroscale, would be influenced
correspondingly.
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(a)

(b)

(c)

(d)

FF

(e)

(f)

EF
EE
FF

Figure 3-4 SEM images of (a) fly ash, (b) pulverized fly ash, (c) untreated kaolinite, and
kaolinite treated by organic polymers (d) PEO, (e) Chitosan, and (e) Xanthan gum.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3-5 SEM images of organically modified fly ash soil mixtures; (a) 30% fly ash +
70 % kaolinite without organic agents, (b) 60% fly ash + 40% kaolinite without organic
agents, (c) 100% fly ash without organic agents, (d) PEO modified 30% fly ash-kaolinite
mixture, (e) chitosan modified 30% fly ash-kaolinite mixture, and xanthan gum modified
30% fly ash-kaolinite mixture.
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3.4.2. pH and Electrical Conductivity. When fly ash is added to the soil, fly ash
particles will react with the moist and start hydration. Figure 3-6 shows the electrical
conductivity (  ) change of the fly ash-water system with various fly ash contents. The
electrical conductivity was found to increase as the fly ash content increased (Figure 3-6).
After 200 g/l fly ash, however, the electrical conductivity of the system becomes almost
constant.
During fly ash hydration, large amount of minerals such as lime (CaO), anhydrite
(CaSO4), Periclase (MgO), Quartz and Tricalciumaluminate would be dissolved, which
increased the solution’s electrical conductivity. Therefore, the electrical conductivity
increased as the fly ash content increased initially (Figure 3-6). As the solution
approaches to its saturation state, the speed of dissolution and precipitation of minerals
gradually come to an equilibrium state, thus the curve flattens at high fly ash
concentrations (Figure 3-6).
Hydrogen ions can easily dissociate from the carboxylic acid group on the surface
of polymer chains and form a carboxylate anion in water, thus hydrated polymers
normally positively or negatively charged. In this study, all three organic agents were
found to increase the electrical conductivity of kaolinite, where the electrical conductivity
was found to follow approximately a log-linear relationship with the polymer
concentrations (as shown in Figure 3-7). The increase of the electrical conductivity
indicates that the addition of polymers to soil could alter the pore-water chemistry.
Furthermore, charge neutralization and polymer hydration might happen simultaneously,
therefore, the electrical conductivity of the polymer modified kaolinite may vary and
dependent on the types of organic polymers. For example, xanthan gum modified
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kaolinite showed the highest electrical conductivity while PEO modified kaolinite
exhibited the lowest conductivity under the same polymer dosage.

Figure 3-6 Fly ash content versus the electrolyte electrical conductivity.

In this study, all the pH measurements were conducted with the Accument Excel
XL 60 Dual Channel pH/Ion/Conductivity/DO meter. The pH measurements of
organically modified kaolinite solutions at various concentrations were illustrated in
Figure 3-8. Except xanthan gum (acidic polymer) modified kaolinite, all the other
organically modified soils were found to possess an alkalinity environment, and their pH
slightly increased as the organic concentration increased.
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Figure 3-7 Electrical conductivity versus the organic concentration of different solutions.

Figure 3-8 The relationship between measured pH and organic concentrations.
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3.4.3. Atterberg Limits. The Atterberg limits change of fly ash - kaolinite
mixtures are shown in Figure 3-9. In general, the addition of fly ash was found to reduce
both the liquid limit and plastic limit of the fly ash-kaolinite mixtures, where the liquid
limit and plasticity index continued to decrease as the fly ash content increased (Figure 39). This indicates that the fly ash is able to dry wet soils and provide an immediate
strength gain, which is useful during construction in wet and unstable ground conditions.
In addition, the fly ash could also reduce the swell potential of expansive soils by
replacing some of the volume held by clay minerals and by compressing the double
layers and changing soil gradations (Ferguson 1993). The liquid limit of the organically
modified kaolinite was plotted in Figure 3-10. In general, the liquid limit of organically
modified kaolinite increased as the polymer concentration increased. The liquid limit of
pure kaolinite is approximately at 55.4  1 (indicated by the shaded area in Figure 3-10).
By adding xanthan gum, the liquid limit increased to about 58.8. Compared with xanthan
gum, the liquid limit of PEO modified kaolinite only increased slightly. Although the
liquid limit of Chitosan modified kaolinite fluctuated, it kept almost constant with the
increase of chitosan concentrations (Figure 3-10).
The addition of fly ash could effectively reduce the liquid limit (LL), plastic limit
(PL), and plastic index (PI) of the fly ash kaolinite mixtures. When fly ash is added to
soil, the fly ash particles will absorb moist and start hydration. This process would release
metallic ions into the pore fluid and increase the electrical conductivity the fly ash-soilwater system (Kang et al. 2013). Lower valence cations (H+, Na+ and K+) would be
replaced by higher valence cations (Ca2+, Fe3+, Al3+) during the cation exchange process.
The electrolyte concentration in the soil matrix is thus increased and the electrical diffuse
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double layer at the kaolinite particle-liquid interface is compressed. The reduction of the
thickness of the EDL promotes the kaolinite particles to flocculate. Flocculation results in
a highly compacted and dense microfabric with lower void ratio and water content. At
macro-scale, the liquid limit and plastic limit are decreased (Mitchell and Soga 2005).

Figure 3-9 Liquid limit (LL), and Plastic Limit (PL), and Plasticity Index (PI) of fly ashkaolinite mixtures at different fly ash mixing ratios.

Kaolinite has oxygen and hydroxide functional groups on the face surface. Both
the oxygen and hydroxide on the kaolinite surface sites could form hydrogen bonds with
organic polymers due to the effect of polymer bridging, where the long chains of the
organic polymers would be adsorbed onto several adjacent particles simultaneously, and
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creating highly linked clay-polymer network with three-dimensional void spaces between
polymers and clay particles (Podsiadlo et al. 2007). The formation of highly linked claypolymer network will result in large open pores between the kaolinite aggregates (Figure
3-5), where more free water might be trapped in, thus lead to a slightly increase of the
liquid limit (Figure 3-10).

Figure 3-10 Liquid limit of kaolinite at different organic concentrations.

3.4.4. Proctor Compaction Characteristics and Thermal Conductivity.
Standard proctor compaction tests were carried out on PEO and Xanthan gum modified
kaolinite and fly ash-kaolinite mixtures and the results are presented in Figures 3-11 and
3-12. Pure kaolinite samples exhibited relatively low dry density compared with 30% fly
ash-kaolinite mixtures. Based on the proctor compaction curves, the optimum water
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content of kaolinite and 30% fly ash-kaolinite mixtures are determined, which are 29.5 %
and 23.0 %, respectively.
Thermal conductivity,  , is the property of a material to conduct heat. Figure 311b shows the correlation between thermal conductivity and water content of the
compacted specimens. Compared with the proctor compaction curves, the thermal
conductivity data also exhibited the same trend (“backbone”), where there is an optimum
water content at which the thermal conductivity showed its maximum value. However,
the optimum water content obtained from the thermal conductivity data of kaolinite and
30% fly ash kaolinite mixtures were slightly lower than that of optimum water content
obtained from standard proctor compaction test, which are 27% and 21%, respectively.
Different amount of PEO and Xanthan gum polymers were added to kaolinite and
30% fly ash-kaolinite mixtures which prepared at the optimum water content condition
and compacted under the standard proctor compaction energy. By adding the organic
polymers, the dry unit weight was found to increase as PEO and Xanthan gum was added
(Figure 3-12a). However, as the organic dosage passed over 0.1 wt.%, the measured dry
unit weight began to decrease as the organic content increased. Similarly, a “back bone”
trend was found for the measured thermal conductivity of organically modified fly ashkaolinite mixtures as shown in Figure 3-12b. For the organically modified kaolinite,
however, the thermal conductivity decreased as the organic content increased.
3.5. SUMMARY
Organic polymers, which include polyethylene oxide (PEO), xanthan gum and
chitosan, were used to modify the kaolinite and fly ash-kaolinite mixtures in this study.
The geotechnical properties such as the grain size distribution, Atterberg limits, pH and
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electrical conductivity, moisture density relationship, and thermal conductivity of the
organically modified kaolinite and fly ash-kaolinite mixtures were investigated. Based on
the experimental results, the following conclusions could be drawn:
(1) The microfabric of polymer modified kaolinite and 30% fly ash-kaolinite
mixtures was clearly seen under the SEM. PEO and chitosan were found to induce
flocculation (EF) and aggregation (FF) to the kaolinite while xanthan gum was found to
de-flocculate the soil fabric and disperse kaolinite particles away from each other.
(2) The addition of fly ash could largely reduce the liquid limit and plastic limit of

kaolinite, which would in turn result in a decrease of the PI. Organic agents, such as
xanthan gum was found to increase the liquid limit of kaolinite, however, the liquid limit
only increased slightly for PEO and Chitosan modified soils.
(3) The addition of fly ash was found to increase the maximum dry unit weight
but decrease the optimum water content of kaolinite. Polymers slightly increased the dry
unit weight of both kaolinite and the mixture at lower concentration (< 0.1%), however,
the dry unit weight decreased as the organic content increased further (> 0.2%).
(4) The thermal conductivity of kaolinite and fly ash kaolinite mixtures was
reduced by the addition of fly ash and organic polymers.
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(a)

(b)

Figure 3-11 (a) Proctor compaction curves of kaolinite and fly Ash (30 %)-kaolinite (70
%) mixtures; (b) Thermal conductivity versus water contents of kaolinite and fly ash (30
%)-kaolinite (70 %) mixtures.
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(a)

(b)

Figure 3-12 (a) dry unit weight versus organic content (b) thermal conductivity versus
organic content of kaolinite and fly ash (30%)-kaolinite (70%) mixtures under the
standard proctor compaction effort.
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4. MEASUREMENT OF STIFFNESS ANISOTROPY IN KAOLINITE USING
BENDER ELEMENT TESTS IN A FLOATING WALL CONSOLIDOMETER

4.1. INTRODUCTION
Small strain stiffness of geomaterials is an important design parameter for
geotechnical structures subjected to dynamic loadings, such as earthquake; pile driving,
traffic, machine vibrations, and wind. Small strain stiffness of a soil can be quantified by
the initial shear modulus ( Gmax ), which can be related to shear wave velocity by
Gmax  Vs2 , where  is the bulk soil density.

The stiffness of soils, in terms of shear wave velocity, is often anisotropic due to
two main factors. The first factor is the preferential alignment of the angular soil particles
due to geological sedimentation process or higher overburden stress (Bellotti et al. 1996;
Jiang et al. 1997), or fabric anisotropy. The second factor is stress anisotropy, where the
three principal effective stresses of a soil element are not equal. It was found that only
stresses on the plane of wave propagation and particle vibration had significant effects on
shear wave velocity (Allen and Stokoe 1982; Knox et al. 1982; Lee and Stokoe 1986; Ni
1987; Roesler 1979; Wang and Mok 2008; Yu and Richart 1984). This plane is termed a
polarization plane (Santamarina et al. 2001), which is denoted by two letters, v and h,
with the first letter indicating wave propagation direction, and the second letter indicating
particle vibration direction. Given other factors equal, higher mean effective stress on the
polarization plane generally leads to higher shear wave velocity of the geomaterials (Lee
et al. 2008; Santamarina et al. 2001). Geomaterials composed of non-angular particles,
such as round sand, can also be anisotropic due to stress anisotropy. Although stress
anisotropy depends only on the stress state of the soil, anisotropic loading could cause
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fabric anisotropy. For example, anisotropic K0-consolidation induces preferential
alignment of clay fabric in a direction that is normal to the applied loading (Santamarina
et al. 2001). This is termed stress-induced fabric anisotropy (Santamarina et al. 2001).
Furthermore, Lee et al. (2008) observed that higher consolidation pressure led to more
apparent Vs anisotropy. However, few high pressure (> 400 kPa) experimental results of
Vs anisotropy are available in the literature (Fam and Santamarina 1995; Fam and
Santamarina 1997; Jovicic and Coop 1998; Piriyakul 2006). This is partially due to
equipment limitations, as excess soil deformation under high pressure damages bender
elements in a conventional fixed ring consolidometer (Bate et al. 2013). Installing bender
element in a triaxial testing setup has the advantage of being able to apply complicated
stress paths, pore water and pore air pressures. Therefore it was widely used in recent
decade (Ezaoui and Di Benedetto 2009; Fioravante and Capoferri 2001; Leong et al.
2009; Marjanovic and Germaine 2013). However, bender element testing in a triaxial
sample has several disadvantages for evaluating stiffness anisotropy of a soil. (i) The
installation of horizontal bender element is not easy. To circumvent installing horizontal
bender elements, a single pair bender element (top and bottom) installation in a triaxial
testing setup was used to measure Vs anisotropy. Three cylindrical triaxial samples, cut
from a large anisotropically consolidated soil sample in three orthogonal directions
(Jovicic and Coop 1998; Wang and Siu 2006), will be tested individually, which prevents
concurrent monitoring of stiffness evolution, and requires more time and materials for
sample preparation. (ii) In addition, due to the height of a triaxial test sample is often
twice the size of the diameter, faster P-wave could bounced off sample side and reach to
the end receiving bender element earlier than S-wave. This makes accurate determination

40
of the first arrival time of S-wave difficult (Marjanovic and Germaine 2013) . (iii)
Frictional bender element technique was used to overcome the difficulties of installing
horizontal bender elements in a triaxial soil sample (Fioravante and Capoferri 2001;
Piriyakul 2006). However, this technique inevitably introduces P-wave transmitting
directly to the receiving bender due to the unrestrained BE vibration. (iv) In addition, R d
ratio, the ratio between wave transmitting distance and wave length, for horizontally
transmitting shear waves is constrained by the limited diameter size of a triaxial sample,
which is usually 3.56 cm (1.4 inch) or 7.11 cm (2.8 inch). This could lead to less optimal
quality signals.
Salt type and concentration have significant effects on the geotechnical properties
of fine-grained soils (Bate and Burns 2010; Mitchell and Soga 2005; Santamarina et al.
2001). Studies have been made of the effects of salt type and concentration on
swelling/compressibility (Arasan et al. 2010; Di Maio 1996; Di Maio 1998),
consolidation (Di Maio 1996; Di Maio 1998; Gajo and Maines 2007), and shear strength
(Bate et al. 2013; Di Maio and Fenelli 1994; Mesri and Olson 1970; Moore and Mitchell
1974). However, few studies on the effects of salt type and concentration on soil stiffness
and its anisotropy are available in the literature.
The objectives of this research are to: (1) Design and manufacture a new floating
wall consolidometer-type bender element testing system to measure shear wave velocity
in three orthogonal directions, i.e., vh, hv, and hh, at high stresses. (2) Investigate the
stress-induced fabric anisotropy during K0 consolidation that affects the anisotropic Vs
properties of kaolinite samples at applied vertical pressure up to 800 kPa. In addition,
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effect of salt concentration on Vs anisotropy will be tested by using high (1 mol/l) and
low (0.005 mol/l) NaCl solutions as bulk fluid.
4.2. DESIGN OF THE FLOATING WALL CONSOLIDOMETER-TYPE BENDER
ELEMENT TESTING SYSTEM
The floating wall consolidometer bender element testing system consists of a
floating wall consolidometer with its cell placed inside a fluid chamber, three pairs of
bender elements, and the accompanying signal generation and sampling system (Figure
4-1). Details of each component will be elaborated below.
4.2.1. Bender Element. The bender element in this study was made from
piezoceramic plates (Piezo Systems, Inc.). The piezoceramic plate was cut to dimensions
of 12.7 × 8.0 × 0.6 mm (length × width × thickness). A parallel-type connection was
adopted to minimize the electronic coupling between the source and the receiver, and
could generate stronger signal than series-type connection (Lee and Santamarina 2005).
The piezoceramic plate was directly connected to a coaxial cable, coated with
polyurethane as the electrical isolator and moisture shield, electrically shielded with
conductive paint, and grounded to the floating wall that was submerged into the salt
solution in the chamber (Figure 4-1).
The tip of the bender element was extended 5 mm from the nylon screw (for
vertical BE) or socket (for horizontal BE) (Subset b in Figure 4-1). Great care was taken
while coating to obtain a casing free from open seams, cracks, and air bubbles. The
details of the bender element design and manufacturing, including the wiring of the
electric connections, water proofing, housing into soil specimens through the side walls
of the floating wall and grounding could be found in the literature (Lee and Santamarina
2005).
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Figure 4-1 Floating wall consolidometer-type bender element testing system. Subset (a)
newly-made vertical bender element. (b) vertical (left) and horizontal (right) bender
elements after five tests.

4.2.2. Floating Wall Consolidometer Cell Design. A bender element installed
horizontally on the sidewall in a traditional fixed ring consolidometer was subjected to a
large bending moment (Figure 4-2), which was induced by excessive settlement of the
soil, especially fine-grained soil (Bate et al. 2013). In this study, a floating wall
consolidometer cell (Figures 4-1 and 4-3) was adopted to eliminate the detrimental
bending moment imposed upon the benders installed on the sidewall. When vertical
loading was applied, both the top and bottom platens moved symmetrically toward the
midsection of the wall, where the horizontal bender elements were installed (Figure 4-2a)
(more in Discussion). This effectively reduced the bending moment so that the reaction
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on the benders was negligible. Counter weights, through a pulley system, were used to
prevent the bending moment on the horizontal bender elements by the self-weight (5.2
kg) of the stainless steel floating wall (Figure 4-1). The floating wall served as a
confinement ring so that the K0 condition of the soil was maintained. The inner diameter
of the consolidometer cell was 11.4 cm (4.5 in), and the height was 12.7 cm (5 in). The
thickness of the wall was 1.3 cm (0.5 in). The wall and the top and bottom platens were
made of type 304 stainless steel, which can withstand the corrosive environment of a high
salt concentration and an extreme pH condition.
A pair of bender elements was screwed in vertically in the center of the top and
bottom platens (vh direction). A U-shaped steel (Figures 4-1 and 4-3) was used to house
the benders, and to transfer the vertical load. Four horizontal bender elements were
pushed into the sample through the predrilled holes on the sidewall, 90 degrees apart, on
the midsection of the floating wall (Figure 4-3). One pair of the horizontal bender
elements, facing each other, was aligned parallel to the horizontal direction (hv
direction), while another pair was aligned vertically (hh direction). Wall thickness of 1.3
cm (0.5 in) guaranteed the alignment of the benders.

(a)

(b)

Figure 4-2 Soil deformation-induced bending moment on horizontal bender elements in
a) a fixed wall consolidometer and b) a floating wall consolidometer.
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Figure 4-3 Schematic setup of the floating wall consolidometer cell. Left: side view,
right: top view.

4.2.3. Chamber Controlling the Bulk Environment. The floating wall type
consolidometer bender element device was completely submerged in a chamber during
operation (Figure 4-1). It maintains saturation of the sample, and controls the
physicochemical conditions of the bulk fluid, including pH, temperature, and salt
concentration.
4.2.4. Signal Generation, Filtering, and Data Acquisition System. Signal
generation, filtering, and the data acquisition system consist of a function/arbitrary
waveform generator (33210A, Agilent), a filter/signal conditioner (3364, Krohn-Hite),
and an oscilloscope (54622A, Agilent). The transmitter bender was excited by a single
cycle sine wave with a frequency ranging from 2 – 10 kHz, and amplitude of 10 V by the
function generator. Frequency was adjusted to obtain stronger responses and lower
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noises. The receiver bender was connected to the filter, which was connected to the
oscilloscope with a sampling rate of 2000 data points.
4.2.5. Excitation Frequency, First Arrival Time, and Travel Distance. The
selection of an input signal frequency was subject to the following considerations. Jovicic
et al. (1996) and Kawaguchi et al. (2001) reported that the shear wave response was
enhanced if the frequency of the input sine signal approached the resonant frequency of
the bender element-soil system. The first arrival was not affected by the excitation
frequency; however, the ability to detect the arrival time can change dramatically (Lee
and Santamarina, 2005). The near-field waves affected the shape of the receiver signal
and caused uncertainty in determining the arrival of shear waves in the bender element
tests (Brignoli et al. 1996; Jovicic et al. 1996; Viggiani and Atkinson 1995). A ratio,
Rd  Li / i ( li is the distance between the sender and receiver bender elements; i is the

wave length), that can be used to assess the degree of attenuation due to geometric
damping, was introduced by Sanchez-Salinero et al. (1986). Using sufficiently high
frequency could reduce the near field effect (Jovicic et al. 1996; Leong et al. 2005;
Pennington et al. 2001; Sanchez-Salinero et al. 1986). Different input frequencies were
used in this study, and the frequency corresponding to an Rd value of slightly larger than
2.0 yielded the best quality signals. It is worth noting that the stiffness (shear wave
velocity) changed at different loads, so the input frequency varied as well.
There are several different interpretations of the first arrival time, such as cross
correlation method in frequency domain, peak-to-peak and start-to-start method in time
domain (Arulnathan et al. 1998; Jovicic et al. 1996; Lee 2003; Leong et al. 2005;
Pennington et al. 2001; Yamashita et al. 2009), and the “half peak” interpretation (Lee
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and Santamarina 2005; Viggiani and Atkinson 1995). In “half peak” method the first
arrival time was between points b and c of the half peak, before the first major peak of
the received signal (Figure 4-4) (Lee and Santamarina, 2005). In this study, the first
arrival time was manually picked at the first zero-crossing of the first major peak (point c
in Figure 4-4) by cursor function in Math CAD (PTC, Needham, MA). This could lead to
a slight underestimation of Vs (Viggiani and Atkinson 1995). Different travel distance
between sender and receiver was used in the literature, such as base to base, mid-section
to mid-section, and tip to tip distance (Dyvik and Madshus 1985; Fernandez 2000; Kim
and Kim 2010; Viggiani and Atkinson 1995). In this study, tip-to-tip distance was
selected as the shear wave propagation distance.
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Figure 4-4 Determination of the first arrival time using single cycle sine wave as the
input function.
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4.3. MATERIALS AND EXPERIMENTAL METHODS
4.3.1. Materials. Georgia kaolinite (RP-2, Active Minerals International) was
used in this study. The grain size distribution curve and the properties of Georgia
kaolinite were shown in Figure 4-5 and Table 4-1, respectively.
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20

Vanderbilt Peerless kaolin clay
Kaolin, Shibuya et al. (1995)
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Figure 4-5 Grain size distribution curves for Georgia kaolinite RP-2 (Active Minerals
International, Hunt Valley, MD, USA, 2007) used in this study; Speswhite kaolin (Imerys
Performance & Filtration Minerals, Cornwall, UK, 2008) used in Wang and Siu (2006),
Viggiani and Atkinson (1995) and Jovicic and Coop (1998); Vanderbilt Peerless kaolin
clay (R.T. Vanderbilt Company, Inc., Norwalk, CT, USA, 2011) used in Fam and
Santamarina (1997) Fam and Santamarina (1995), and kaolin used in Shibuya et al.
(1995).
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Table 4-1 Comparison of the properties of kaolinites used in different studies

Soil type

Chang et
al. (2006)

Fam and
Santamarina
(1995)

Fam and
Santamarina
(1997)

Wang and
Siu (2006)

Jovicic and
Coop (1998)

Viggiani and
Atkinson (1995)

Meng
(2003)

Shibuya et
al. (1995)

This study

-

kaolinite

kaolinite

kaolin

reconstituted
kaolin

kaolin

pure
kaolin

kaolin

Georgia kaolinite

-

-

-

-

Active Minerals
International, Hunt
Valley, MD, USA

Speswhite
kaolin
-

Speswhite
kaolin
-

-

-

ACTI-MIN RP-2

2.78
40
24
-

cream
2.6***
54.8
32.1
Sodium
-

-

neutral

Vanderbilt Co., Vanderbilt Co.,
Los Angles,
Los Angeles,
CA, USA
CA, USA

Source

-

Trade name

-

Peerless clay

Peerless clay

Color
Specific gravity
Liquid limit
Plastic limit
Main cation
CEC (mequiv./100 g)

-

pH

-

light cream
2.6
50
35
20-30
4.8 (10%
solids)

Conductivity (mS/cm)

-

light cream
2.6
50
35
Sodium
20-30
4.8 (10%
solids)
0.04 (10%
solids)

d50 (micron)

-

Surface area, m2/g
Max moisture content
(mass %)
Oil absorption (ASTM
D 281) (g/100g clay)
Slurry consolidation
pressure (kPa)
Vertical effective stress
0 - 46.2
(K0 loading) (kPa)
Mean effective stress
(triaxial loading) (kPa)
2.54 Void ratio
1.51
Compression index, Cc
Critical state effective
friction angle (degree)
Testing technique

-

-

Imerys
Minerals
Ltd., UK
Speswhite
kaolin
2.6
57.9(pH5)
29.7(pH5)
-

-

-

67
33
-

5.0 +/- 0.5

-

-

-

-

-

-

-

0.62**

2.6*

0.72 (from GSD curve)*

-

-

-

-

14
1.5%*
42*

50

-

100

70

-

0 - 610

0 - 610

-

-

-

70 - 140
-

-

0 - 250

1.57 - 0.94

1.599 1.075

0 - 600
-

0.07 (10% solids)

-

22 - 35****

-

-

1%***

-

14*

30**

1.4 (from
GSD curve)
-

0 - 400
-

0.36***

-

-

40***

173 483

150

100

-

-

0 - 800

173 483
1.15 1.04

300

-

1.336 1.076

1.278 - 0.933

-

0.49 (0.005 mol/l);
0.38 (1 mol/l)

-

0.46

-

-

-

25 +/- 5

27.5

-

-

-

-

19.8

BE

BE

BE

RC

RC

BE

RC

Torsional
shear

BE

* from Speswhite data sheet, Imerys Performance & Filtration Minerals (2008)
** from Kaolin clay data sheet, R.T. Vanderbilt Company, Inc. (2011)
*** from ACTI-MIN RP-2 data sheet, Active Minerals International (2007)
**** from Santamarina et al. (2002)

4.3.2. Sample Preparation. Kaolinite samples were first mixed with 1 mol/l
NaCl solution at a solid to solution weight ratio of approximately 1:10. The mixture was
then thoroughly mixed manually and left to stand for 24 hours to allow hydration of
kaolinite particles. For 0.005 mol/l sample, the supernatant was siphoned out, and the
slurry was diluted with de-ionized water. This procedure was repeated until the electrical
conductivity of the supernatant reached a value close to the electrical conductivity of
0.005 mol/l NaCl solution (474.1  s / cm ) (Bate 2010). 1 mol/l sample was not diluted.
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Then the slurry was carefully poured into an aluminum consolidation tube with top and
bottom drains and the dimension of 45.7 x 11.7 cm (18 x 4.5 in) (height x diameter). Care
was taken not to entrap air by pouring slowly and contacting slurry to the side of the tube.
The slurry was one-dimensionally consolidated with similar procedures described in Bate
et al. (2013). Axial load was placed on the slurry in load steps of 7, 14, 28, 62, 100, 62,
28, 14, and 7 kPa. End of primary consolidation was reached (judged by Taylor’s
method) at each load step. P5 filter paper (Fisher Scientific) and a nonwoven geotextile
were placed on the top and bottom of the sample to facilitate drainage. The bulk solution
was drained from the top and bottom. The salt concentration of the pore fluid was
maintained by submerging the outlets in the NaCl solution at the same concentration as
the predetermined concentration of the slurry. After the slurry consolidated, the soil
sample was extruded from the consolidation tube, wrapped with food-wrap, placed in two
zip lock bags, then in a sealed PVC container, and stored in a moisture room until used.
Typical height of the soil samples after slurry consolidation ranged from 12.7 to 17.8 cm
(5 – 6 in).
To install the soil sample in the floating wall bender element cell, the following
steps were followed. 1). The pair of bender elements were screwed in the top and bottom
platens. 2). The soil sample was carefully pushed into the cell wall using a flat round
surface to avoid deformation of the soil sample. Polished inner wall of the cell and
vacuum grease was adopted to reduce the friction. 3). The cell was mounted on top of the
base platen. 4). Then the top cap was placed on soil sample. 5). All horizontal bender
elements were then pushed into the sample, and fixed in place by cable ties to avoid
being pushed out by lateral earth pressure when the vertical load increased. The cell was
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connected to the pulley system to avoid bending moments on the horizontal bender
elements. 6). Then, the outer chamber was filled with salt solution of predetermined
concentration. A seating load of about 8 kPa was applied. Consolidation stress was added
in increments of 16, 48, 96, 192, 416, 800, and then reduced in decrements of 416, 192,
96, 48, 16, and 8 kPa. The deformation of the consolidometer was monitored, and
Taylor’s method was used to judge the end of the primary consolidation for each loading
step. The weight of NaCl in the bulk solution was considered when calculating void
ratios. Compression index, Cc, was calculated by void ratios at stresses of 192, 416, and
800 kPa during loading, while recompression index, Cr, was calculated by void ratios at
stresses from 800 kPa to 8 kPa during unloading. The shear wave velocity in vh, hv, and
hh directions were measured at the end of each loading step. pH, conductivity, and
temperature of the electrolyte in the water bath were monitored with an Accumet Excel
XL60 meter (Fisher Scientific). In this study, all tests were conducted in neutral pH
environment. The monitored pH values fluctuated around 7.1 ± 0.8. The conductivity was
stable with a slight increase due to evaporation. The temperature of the water chamber
was 24 ± 20C.
4.3.3. Calibration of the Wall-Soil Interface Friction. To evaluate the friction
between wall-soil interface, a wall-pulling test was performed. Kaolinite samples were
prepared with the same procedure as used in BE tests. The initial height of kaolinite
sample is 5 cm (2 inch), which is about half of those used in BE tests. The same floating
wall as adopted in the BE tests were used to evaluate the same wall interface. The test
setup was shown in Figure 4-6a. Kaolinite sample was placed in the top portion of the
floating wall to avoid the predrilled holes for BE installation. Kaolinite sample was
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consolidated in K0 condition at vertical stresses of 16, 48, 96, 192, 416, 800, 416, 192, 48,
16, and 8 kPa, and its settlement was monitored with a dial gauge. After equilibrium of
each loading step (judged by Taylor’s method), the floating wall was pulled through the
pulley by adding weights on the counter weight side. The weights that were used to
initiate movement (> 1.0 mm) were recorded. At each loading step, the pulling test was
repeated three times, and the average value was reported. Duplicate kaolinite samples
were used in the friction test. The pulley friction was calibrated and corrected.

Figure 4-6 (a) Wall-soil interface resistance test setup; (b) boundary conditions for
applied 800 kPa vertical loading; (c) representative soil element at depth of z.

4.4. RESULTS
4.4.1. One-Dimensional Consolidation. The 0.005 m/l kaolinite sample showed
higher compressibility and swelling potential during unloading (Cc and Cr values of 0.49
and 0.09, respectively) than 1 mol/l kaolinite sample (Cc and Cr values of 0.38 and 0.07,
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respectively) (Figure 4-7). This was due to the larger repulsive forces and thickness of
electrical double layer (EDL) of low concentration kaolinite particles (Santamarina et al.
2001), which allows more interparticle space for particle realignment, and facilitates
higher volume change.
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Figure 4-7 e-log  v' curves of kaolinite samples at different NaCl concentrations.

4.4.2. Typical Received Shear Wave Signals. Typical received shear wave
signals exhibited significant differences in arrival times as the applied vertical stress
increased, as shown by the S-wave signals at the hh direction for the kaolinite sample
with a 0.005 mol/l NaCl solution (Figure 4-8). It was observed that the first arrival time
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decreased as the applied vertical consolidation stress increased during the loading stage.
At the unloading stage, the first arrival time increased, but was less than that with the
same applied stress during the loading stage.
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Figure 4-8 Typical received shear wave signals under different applied stresses (kaolinite
sample with 0.005 mol/l NaCl solution, S-wave in hh Direction, arrows pointing at first
arrival time).
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4.4.3. Typical Shear Wave Velocity (Vs) versus Applied Stress Relationship.
Shear wave velocity versus applied stress relationship of a kaolinite sample consolidated
from 0.005 mol/l NaCl solution in vh, hv, and hh directions were plotted and are shown in
Figure 4-9. Several features were identified that were also true for kaolinite samples at
other salt concentrations. 1) During loading, Vs increased as vertical applied stress
increased. 2) At a loading less than 100 kPa, Vs in three orthogonal directions almost
merged together. At a loading larger than 200 kPa, anisotropy of Vs started to appear
(more discussion in Stress-induced fabric anisotropy section). The magnitude of Vs was
on the order of hh > hv > vh. 3) At the same vertical stress, Vs during unloading was
larger than Vs during loading. 4) The rates of reduction of Vs with respect to vertical stress
in three orthogonal directions during unloading were similar.

Figure 4-9 Typical shear wave velocity versus applied vertical stress plot of kaolinite
samples. (data was from a kaolinite sample with 0.005 mol/l NaCl).
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4.5. DISCUSSIONS
4.5.1. Wall-Soil Interface Resistance. Wall-soil interface resistance test results
suggested that the wall-soil interface resistance consisted of cohesive and frictional
components (Figure 4-10). For an 11.7 cm x 5.08 cm (diameter x height, D x H) sample,
the cohesion (c), defined as the y-intercept in Figure 4-10 (19.257 N) in the linear fit on
OCR = 1 data normalized by the contacting area (  DH ), is 1.08 kPa. The frictional
component was characterized by the effective wall-soil interface friction angle   . An
analytical equation was derived to evaluate   as follows. To avoid the complexity
introduced by overconsolidation, only 96, 192, 416, and 800 kPa loading steps were
considered. Kaolinite sample under 800 kPa vertical stress was analyzed first. At end of
each loading there was no excess pore water pressure, so effective stress equaled total
stress.
Assuming K0 was constant along z direction at 800 kPa and the self-weight of soil
sample is negligible (considering self-weight will yield less than 1% change in   result),
a representative soil element was taken for force-equilibrium analysis (Figure 4-6b):

d z 

 D
  z  dz dz    z     2      D  dz  0


  
2

Equation 4-1

where  is the total interface resistance (in terms of stress):

  c  K0   z  tan  
and D is the diameter of the sample. Equation 4-1 can be simplify to

Equation 4-2
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1

 K0  tan     z  c 

d z  

4
dz
D

Equation 4-3

Given boundary conditions: at z = 0 (top of sample),  z  800 kPa , at z = 0.0508
m (bottom of sample); The pulling force to initiate sliding between the wall and soil was
137 N (Figure 4-10). then  z  800kPa 

137 N
 786 kPa . Integrating Equation 4-3 with
D2

4

those boundary conditions gave an implicit equation on K0  tan   , solving which yielded
K0  tan    0.0222 . K0 of normally consolidated soils can be estimated by Jaky (1944):
K0  1  sin  

Equation 4-4

where   is the critical-state effective friction angle, it was measured to be 19.8 degrees
(zero cohesion) in this study. This yielded K0 = 0.6613, then tan    0.0336 . Assuming
K0 and   are constant during loading, repeating above procedure for vertical stresses of
96, 192, 416 kPa yielded tan   values of 0.0489, 0.0398, 0.0299, respectively. An
average value of 0.0381 will be used in the subsequent calculations for both normal
consolidation and overconsolidation loads, and for different NaCl concentrations.
4.5.2. Wall-Soil Interface Resistance Corrected Vertical Stress  z . For sample
of kaolinite 800 kPa loading in a floating wall BE test, the relative displacement between
soil and wall is symmetric to the center BE units (z = 0.04 m) (Figure 4-11a). Therefore,
friction is upward (+) on the top half of the sample, and downward (-) on the bottom half.
Integrating Equation 4-3 for the top half of the sample yielded  z along sample height
(total 0.080 m):
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c
c
 z 
  800 
e
K0  tan   
K0  tan   

4 K0 tan   
z
D


Equation 4-5

Similarly,  z of the bottom half of the sample can be calculated. The distribution
of  z along the entire soil height was shown in Figure 4-11b. A linear fit to  z on the
top half yielded R2 value of 0.99994. Therefore, for similar sample size and wall-soil
interface resistance,  z can be roughly estimated to be linear distribution along sample
depth. Assuming mobilized at a strain larger than 1 mm, the wall-soil interface resistance
distribution, calculated by Equation 4-2, was shown in Figure 4-11c.
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Figure 4-10 Measured wall-soil interface resistance (in terms of cumulative force, unit:
N) vs. applied vertical stress for tap water kaolinite sample.
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Figure 4-11 Comparison of floating wall and fixed wall (hypothesized) consolidometer
BE test setup for kaolinite sample in 1 mol/l NaCl under 800 kPa vertical stress. a) Soilwall relative displacement, soil move downward relative to the wall is positive; b).
vertical effective stress considering wall friction; c). friction along the sample height,
upward friction is positive.

Similar calculation can be performed on a hypothesized fixed wall consolidation
sample with the same geometry as above floating wall bender element test. The sample in
the fixed wall is always moving downward in reference to the wall during loading, which
generates upward friction (+) (Figure 4-11a). The resulting  z distribution was shown in
Figure 4-11b. It was clearly shown that the floating wall setup is advantageous to the
fixed wall setup in reducing friction: the average  z value in a floating wall
consolidometer is near 785 kPa, while that in a fixed wall consolidometer is around 770
kPa. In another word, floating wall setup allows thicker soil samples, which provide more
flexibility to satisfy Rd ratio (wave propagating distance to wave length ratio)
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requirement. Except for the mid-height of the floating wall sample and the bottom of the
fixed wall sample, the majority of the soil will move relative to the wall, and therefore
generate resistance. Using Equation 4-2, the wall-soil interface resistance profile of a
fixed wall setup was shown in Figure 4-11c.
Using the above method, average friction corrected vertical effective stress for 1
mol/l kaolinite sample was calculated for each loading and unloading steps. For
overconsolidation ratio (OCR) larger than 1, equation by Mayne and Kulhaway (1982).
K0  1  sin    OCR 

sin  

Equation 4-6

was used. Results were listed in Table 4-2. It was observed that vertical stress loss due to
interface resistance is no more than 3% for normally consolidated cases. For high OCR
cases, vertical stress decrement can be as high as 18.6% (at applied vertical stress of 8
kPa), because OCR leads to significant increase in K0 (Table 4-2). Similar trends were
observed for 0.005 mol/l kaolinite sample.
4.5.3. Comparison with Studies in the Literature. Measured stiffness of RP - 2
kaolinite, in terms of both Vs and Gmax, was compared with published results (Figure 412) (Chang et al. 2006; Fam and Santamarina 1995; Fam and Santamarina 1997; Jovicic
and Coop 1998; Meng 2003; Shibuya et al. 1995; Viggiani and Atkinson 1995; Wang and
Siu 2006).
It was observed that the average the shear wave velocity of Georgia RP-2
kaolinite was lower than those published results. One of the major differences between
these kaolinites was the grain size distribution (Figure 4-5). The grain size of RP-2
kaolinite is much smaller than those used in other studies (Figure 4-5). The 50% passing
sieve size, d50, of RP-2 kaolinite is 0.36 m , which is only 26% to 58% of the d50 values
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in other studies as listed in Table 4-1. Smaller particle size makes shear wave
transmitting through longer and more tortuous force chains (chains of particle contacts),
which yields lower stiffness. It is worth noting that small kaolinite particles seem to
coincide with lower large-strain strength (Table 4-1). The critical state effective friction
angle of Georgia RP-2 kaolinite (d50 = 0.36 m ), Peerless clay (kaolinite) (d50 = 0.62

m ), Speswhite kaolinite (d50 = 0.72 m ), and Georgia kaolinite used by Anandarajah
and Zhao (2000) (d50 = 1.6 m ) are 19.8, 25 ( 5 ), 27.5, and 30 degrees, respectively.
Other factors, such as cation exchange capacity of clays, adsorbed ion type and
quantity also influence the stiffness of fine-grained soils because these factors will
influence interparticle contact properties through modifying the diffuse double layer
(Bate et al. 2013).

Table 4-2 Friction corrected vertical effective stress calculation spreadsheet for 0.005 and
1 mol/l kaolinite samples
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Figure 4-12 Comparison with stiffness of different kaolinites studied in the literature. (a)
Vs versus applied vertical stress results; (b) Gmax versus mean effective stress (friction
corrected mean effective stress values in this study were used).
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4.5.4. Stress Dependency of Vs. As stated in Introduction section, the shear wave
velocity increases with the mean normal effective stress on the polarization plane. The
stress dependence of Vs can be expressed by (Santamarina et al. 2001)
 ' 
Vs    m 
 1kPa 



Equation 4-7

where  m' is the mean normal effective stress on the polarization plane,  factor (m/s) is
the velocity of a medium subject to 1 kPa confinement, exponent  represents the
amount of stress-dependent effect.  value has been theoretically related to contact
effects, with 1/6 for Hertzian contact (elastic spheres), 1/4 for cone-to-plane contacts
(rough or angular particles) or for spherical particles with contact yield, and 3/4 for
contacts governed by Coulombian forces (Johnson 1985; Santamarina et al. 2001). It can
be seen that

 m' 

1  K0   '
2

v

Equation 4-8

for vh and hv directions, while in hh direction  m'  K0 v' , where  v' is the vertical
effective stress, and K0 can be obtained by Equation 4-4 or 4-6. The measured critical
state effective friction angle by consolidated undrained triaxial compression test for
Georgia RP-2 kaolinite is 19.8 degrees. Wang and Siu (2006) stated that critical state
effective friction angle did not change with pore fluid concentration. Therefore, cs of
19.8 degree was assumed to be applicable for kaolinite samples in 0.005 and 1 mol/l
NaCl solutions, and for both loading and unloading conditions. The calculated K0 values
at different loading stages were listed in Table 4-2. For kaolinite samples at each NaCl
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concentration, the loading (OCR = 1) and unloading data were fitted separately with least
square method. The relationship between fitted  and are plotted in Figure 4-13.
It can be observed in Figure 4-10 that  values were larger during unloading than
during the loading phase. During unloading, the maximum vertical stress in history of
800 kPa increased the soil density, yielding a more compact fabric, which gave higher Vs
values. As concentration increased,  increased in general. This was due to the enhanced
contacts by the shrinkage of EDL. The average exponent during the unloading phase
was 0.1752, which was close to the Hertzian contact value, 1/6 (0.1667). Thus, it could
be postulated that the contact effects during unloading were more elastic (Hertzian
contact). was higher in the loading than in the unloading phase. This indicated a contact
effect change from elastic (unloading) to where yielding and rough and angular particle
interactions occurred (loading). Especially, at a low concentration (0.005 mol/l)  was
approaching 0.65, which might indicate that Coulombian forces started to play an
important role in contact behavior. It was also observed that, generally, as the
concentration increased,  decreased. It was proposed that shrinkage of the thickness of a
double layer reduced electrical interaction, and enhanced particle to particle contact
forces.
Santamarina et al. (2001) proposed the relationship  = 0.36 – /700 for a series
of laboratory data. Ku et al. (2011) summarized  and  values for an extensive amount
of field data. Both results were plotted and are shown in Figure 4-13 as references.
Although kaolinite results in this study bore a similar trend to those of Ku et al. (2011),
and of Santamarina et al. (2001) during the unloading phase, they were lower. The lower
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 values were postulated to be caused by the addition of NaCl, which compressed the
EDL, decreased particle to particle distance, and enhanced direct contact behavior.

Figure 4-13 Typical values for  and coefficients in this study.

4.5.5. Stress-Induced Fabric Anisotropy. Kaolinite particle was platy-shaped
with a thickness of 1 nm and a length of 50 – 2000 nm (Mitchell and Soga 2005). If the
wall resistance corrected mean effective stress in the polarization plane was higher than
50 – 100 kPa (Figure 4-14a), kaolinite plates were suppressed to align more horizontally.
This induced preferential orientation in a horizontal direction for kaolinite plates, and led
to fabric anisotropy. Stress-induced fabric anisotropy was manifested by the different
magnitudes of Vs values in three orthogonal directions (hh, hv, and vh) (Figure 4-14a).
Shear wave velocity at both 0.005 and 1 mol/l NaCl concentrations followed the same
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order: hh > hv > vh. During unloading, Vs anisotropy decreased, but the hierarchy
remains (Figure 4-14b).
Cross-anisotropy (or transversely isotropic fabric) materials, where the physical
properties in the vh and hv directions were the same, was often assumed in soils in the
literature (Bellotti et al. 1996; Chen et al. 2005; Graham et al. 1983; Wang and Mok
2008; Wood 1990; Yimsiri and Soga 2000). This suggested that Vs in the vh and hv
directions were the same. While this arguably holds true for coarse-grained particles,
such as sand, gravel, and rice, results in this study indicated that it was not the case for
fine-grained soils. This hierarchy of Vs anisotropy in hv and vh directions of other finegrained soils was also reported in the literature. Pennington et al. (1997) also reported
that Vs in the hv direction was significantly higher than that in the vh direction for natural
Gault clay. In addition, Lee et al. (2008) found Vs,hv > Vs,vh for Incheon marine clay at
stresses higher than 100 kPa.
4.5.6. Void Ratio Dependency of Vs. Figure 4-15 showed the shear wave velocity
versus void ratio relationship in hh direction. Similar trends were observed for Vs in vh
and hv directions. It was observed that given the same salt concentration, Vs decreased as
void ratio increased. However, the same void ratio could yield different Vs values due to
the applied stresses and salt concentration (Figure 4-15).
4.5.7. Advantages of the Developed BE Testing System. Comparing to a fixed
wall type consolidometer setup, the floating wall type consolidometer bender element
testing system has many advantages. One major advantage is that the damages to the
bender element due to a soil deformation-induced bending moment were eliminated.
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Figure 4-14 Shear wave velocity versus interface resistance corrected mean effective
stress on the polarization plane for kaolinite samples with 0.005 and 1.0 mol/l NaCl
solutions. (a) loading; (b) unloading.
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Figure 4-15 Shear wave velocity versus void ratio in the hh direction during loading.

The maximum normal consolidation stress applied to kaolinite samples was 800
kPa. Under such high stress, the maximum settlement ranged from 1.8 – 2.3 cm (0.7 – 0.9
in). However, the bender element was not damaged after five tests (subset b in Figure 41). In addition, there also many other advantages which include (i) The maximum load
capacity of the consolidometer (Humboldt HM-1100A) (1425 kPa in this study, with a
sample diameter of 11.4 cm (4.5 inch) and beam ratio of 10:1) can be applied to the
sample, which facilitated the investigation of fabric anisotropy at high consolidation
stresses. (ii) Full saturation of the soil sample was achieved by slurry consolidation and
maintained by the water chamber. (iii) The water chamber maintained constant

68
physicochemical testing of the environment, including pH, salt concentration, and the
temperature.
Comparing to bender element mounted in a triaxial sample, the benefits of the
proposed floating wall BE testing system are as follows. (i) Installation of horizontal BE,
through predrilled hole in the floating wall, is easy to realize. Concurrent measurement of
Vs in three orthogonal directions in one sample is easy to realize as well. (ii) The height
of a soil sample (less than 11 cm), i.e. the distance of vertically propagating S-wave (vh),
is less than sample diameter (11.7 cm). This geometry elongated the bounced P-wave
transmitting path, and reduced its interference. (iii) Due to the high stiffness (stainless
steel) and thick floating wall (1.3 cm), horizontal bender will be tightly fixed in place,
which significantly reduces P-wave transmitting directly to the receiving end. (iv)
Because there is no limitation on the diameter or height of the sample in a floating wall
setup, there is more flexibility of modifying the geometry to achieve optimal Rd ratio and
signal quality, and to reduce near field effect (Lee and Santamarina 2005; Li et al. 2012).
4.6. CONCLUSIONS
A new floating wall consolidometer-type bender element testing system was
developed to study stiffness anisotropy of clays at applied vertical stress up to 800 kPa.
Higher vertical stress of up to 1425 kPa can be applied to a 114 cm (4.4 inch) sample.
Georgia RP-2 Kaolinite samples with NaCl concentrations of 0.005 and 1.0 mol/l were
measured in this testing system.
Floating wall–soil interface resistance was quantiﬁed with pulling tests.
Analytical equations were then derived to calculate the wall resistance-corrected vertical
effective stress.
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The critical state effective friction angle for RP-2 kaolinite was measured as 19.8
degree. Using Equation 4-5 or 4-7, more accurate normal stresses can be obtained. As a
result, stress-induced fabric anisotropy can be analyzed more precisely.
The shear wave velocity (Vs) (a term used to quantify the small strain stiffness of
soils) of kaolinite was measured via the bender element test. Average Vs results for RP-2
kaolinite were less than those of other kaolinites reported in the literature. This was
postulated to be primarily due to the longer and more tortuous chains of particle contacts
associated with the smaller median diameter (d50=0.36 lm) of RP-2 kaolinite samples.
Bender element test results indicated that Vs increased with stress, density, and
concentration.
The hierarchy of Vs in three orthogonal directions (i.e., hh > hv > vh) agreed with
results in the literature. It was also illustrated that Vs anisotropy increased with applied
stress and decreased during unloading.
A floating wall design eliminated the detrimental bending moment that acted
upon the benders due to soil settlement, which greatly improved signal quality and bender
reuse.
Floating wall-soil interface resistance was evaluated with both pulling tests and
analytical equations, and was quantified with cohesion and friction components. In
addition, the water chamber maintains saturation and pH, salt concentration of bulk fluid.
Several advantages of the newly developed device in measuring stiffness
anisotropy over a triaxial test setup were discussed.
The benefit including easiness of installing horizontal bender elements,
concurrent measurement of Vs in three orthogonal directions in one sample (compared to
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single pair bender element setup), the flexible geometry in design that can improve the
signal quality by limiting side-reflected P-waves and the near field effects (compared to
three pairs bender element setup), and the reduction of directly transmitting P-waves
(compared to frictional bender element setup).
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5. SHEAR WAVE VELOCITY AND ITS ANISOTROPY OF ORGANICALLY
MODIFIED FLY ASH-KAOLINITE MIXTURES

5.1. INTRODUCTION
Recent developments of using organic agents for soil stabilization have shed
lights on the sustainably reuse of fly ash. The previous studies, however, were found
majorly focused on the mechanical properties, such as strength, permeability, hydraulic
conductivity, and compressibility. The effects of polymers and fly ash on the Vs and Vs
anisotropy still remain not well documented in the literature, especially the Vs anisotropy
of the organically modified fly-ash soil mixtures. Stiffness anisotropy is often presented
in natural and engineered geomaterials. Stiffness anisotropy can be evaluated by shear
wave velocities in three orthogonal directions (Figure 5-1), The ratio of the maximum
(normally in hh direction) and minimum (normally in vh direction) Gmax can be higher
than 1.65 (or 1.29 in terms of Vs hh / Vs vh ratio) for Gault Clay (Pennington et al. 1997).
Therefore, negligence of stiffness anisotropy can render errors in the design and
simulations. In addition, cross-anisotropy, i.e., the geotechnical properties in vh and hv
directions are the same, is often assumed in micromechanical models and theories
(Yimsiri and Soga 2000). Many published works, however, presented that soils are not
cross-anisotropy materials (Kang et al. 2014; Pennington et al. 1997; Wang and Mok
2008). The validity of this assumption for polymer modified fly ash-kaolinite mixtures
has not been verified.
In this study, the small-strain stiffness of fly ash-kaolinite mixtures at fly ash
contents of 0, 10, 20, 30, 60, and 100% was measured by bender element tests. Synthetic
polymers (PEO) and biopolymers (xanthan gum and chitosan) were used to examine their
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effects on the small-strain stiffness of the 30% fly ash-kaolinite mixtures. The influencing
factors on Vs and Vs anisotropy of fly ash-kaolinite mixtures, including the stress
conditions, physicochemical conditions of polymer solutions, and the associated
underlying mechanisms were quantified.

vh
hv
Horizontal
BE
hh
Vertical
BE

Shear Wave

Consolidometer Cell
BE
Figure 5-1 A sketch of the floating wall type consolidometer cell and the bender elements
setup.

5.2. MATERIALS
Georgia kaolinite (RP-2, Active Minerals International) was used in this study.
Georgia kaolinite has a specific gravity of 2.60 and d 50 value of 0.4 micron (as shown in
Figure 5-2). The fly ash used in this study was from Lafarge power plants (Wisconsin,
USA). This fly ash is classified as Class F (ASTM standard C 618), which has very
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limited self-cementing capability. The d50 of the fly ash is 50 times larger than that of the
Georgia kaolinite (Figure 5-2).

Figure 5-2 Grain size distributions of fly ash and kaolinite.

Three organic polymers were used in this study to modify the engineering
properties of fly ash-kaolinite mixtures, namely, neutrally charged polyethylene oxide
( ( CH 2CH 2O )n , PEO, M.W.= 600,000), positively charged Chitosan ( (C6 H11NO4 )n ),
M.W. = 100,000 – 300,000), and negatively charged xanthan gum ( (C35 H 49O29 )n , M.W.=
90,000-160,000). Their chemical structures are shown in Figure 5-3. All chemicals were
purchased from Fisher Scientific and were used as received.
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PEO

Xanthan gum
Chitosan

Figure 5-3 The chemical structures of PEO, chitosan, and xanthan gum.

5.3. EXPERIMENTAL METHODS
5.3.1. Scanning Electron Microscopy (SEM) Imaging. SEM tests were carried
out on kaolinite, fly ash, and organically treated kaolinite and fly ash-kaolinite samples
with SEM S-4700 (Hitachi Inc.). The samples were coated with gold powder using a
sputter-coater (Hitachi E-1030) before testing. For each sample, four to six images were
taken and compared, and then a representative image was reported.
5.3.2. Effective Specific Gravity. “ Effective ” specific gravity of the fly ash
cenospheres measured from pycnometer test (ASTM D 854 - 14) is often used to
calculate the void ratio of a fly ash sample (Bachus and Santamarina 2012). It is
understood that the volume calculated by “effective” specific gravity is less than the true
volume occupied by the fly ash cenospheres, assuming the hollow cenospheres are filled
with pore fluid. In this study, the void ratio of the fly ash-kaolinite mixtures were
calculated based on the “effective” specific gravity measured from pycnometer test.
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5.3.3. Determination of the Shell Thickness of Fly Ash Cenospheres. In order
to estimate the volume possessed by the cenospheres in the fly ash-kaolinite mixture so as
to obtain a realistic cenospheres distribution, the shell thickness of cenospheres needs to
be acquired. Statistical methods from interferometry or microscopy images were used to
capture the characteristic scale of sub-micron geometries in the literature. Kumar et al.
(2013) used vertical scanning interferometry 3D image with a scan rate of 70 fps (frames
per second) to determine the surface roughness change of mineral surfaces driven by
dissolution or precipitation. Kolay and Bhusal (2014) measured the shell thickness of the
fly ash cenospheres with SEM pictures on a glued/ground surface. Similar statistic
method was used in this study. Fly ash particles were ground with a pestle and a mortar
for 120 minutes to break the cenospheres. Then the broken cenospheres were imaged
with the SEM. A total of 36 images were taken at different locations from six powder
samples. The shell thicknesses of cenospheres were measured directly from SEM images
(Hitachi FE-SEM). Assuming a normal distribution, the mean value and standard
deviation of the shell thickness were calculated.
5.3.4. Sample Preparation by Slurry Consolidation Method. Dry fly ash and
at weight ratios of 0, 10%, 20%, 30%, 60% and 100% were mixed and submerged into
0.01 mol/l NaCl solutions or 1 g/l polymers (PEO, xanthan gum, or chitosan) solutions
with a solid to water ratio of approximately 0.2 ( 0.05 ). The resulting slurry was then
gently stirred by hand for 30 minutes and then let stand for 24 hours for the completion of
the hydration process. The slurry was then transferred into an aluminum tube (height 
diameter of 45.7  11.7 cm (18  4.5 in)) with double drainage conditions. Vertical
loadings of 3.5, 7, 14, 28, 50, and 100 kPa, were applied to the slurry, followed by
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unloading of 50, 28, 14, 7 and 3.5 kPa. Each loading step was maintained until the end of
primary consolidation was achieved (judged by Taylor’s method).

After slurry

consolidation, the sample was extruded and sealed with food-wrap and zip-lock bag, and
was stored in a 100% moist room until use. The sample was trimmed down to a size of
11.4  10.2 cm (diameter by height) to mount into the floating wall-type consolidometer
(11.4 cm  12.7 cm; diameter by height) for bender element tests. The sample was
completely submerged into a fluid chamber filled with water/salt solution (0.01 mol/l),
where the pH, temperature, and ionic strength were monitored during the entire testing
(up to 7 days long).
5.3.5. Vs Measurement with Bender Element Method. In this study, a floating
wall consolidometer type-bender element testing system developed in a prior study (Kang
et al. 2014) was used to measure the shear wave velocity in three orthogonal directions as
shown in Figure 5-1. The key steps of the bender element test are outlined as follows.
After applying a small seating load (~8 kPa) to the sample, vertical consolidation stress
increased in the sequence of 16, 48, 96, 192, 416, 800 kPa and reduced in the reverse
order. Taylor’s method was used to determine the end of primary consolidation, after
which shear wave velocities in vh, hv, and hh directions were measured. Tip-to-tip
distance was used as the travel distance. The exciting frequency of the sinusoidal signal
at the transmitter bender element was adjusted approximately to the resonance frequency
(typically ranged from 2-10 kHz, 33210A, Agilent function generator), and the amplitude
was set at 10 V. The input wave was amplified (5X to 10X) by a linear amplifier (EPA104, Piezo System Inc, Cambridge, MA), and the received signal was filtered by a
filter/signal conditioner (3364, Krohn-Hite, Brockton, MA) with a fixed band pass filter
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at 200-50,000 Hz.

Square signal was also used for each measurement to check

repeatability.
5.3.6. Soil-Side Wall Interface Friction Correction. To accurately calculate the
effective vertical stress, the soil-wall interface friction was corrected by wall pull-out test
following the procedures proposed by Kang et al. (2014). The average friction corrected
vertical effective stress applied on the sample is (Kang et al. 2014):


c
  applied  K tan  '  D
c
0
 1  e 2 K0 tan  ' H / D 
 v' 

K0 tan  '
2 HK0 tan  '





Equation 5-1

where the OCR is the over consolidation ratio of a soil, D is the diameter of the sample,
and H is the height of the sample. The cohesion ( c ) and the interface friction coefficient
( tan  ' ) between the soil and the side wall were determined by the wall pull out test. The
effective critical state friction angle  ' was measured by consolidated undrained triaxial
shear test (ASTM D4767) (Kang 2015). K0 can be determined from Equation 5-2 (Mayne
and Kulhawy 1982):
K0  (1  sin  ' )(OCR)sin  '

Equation 5-2

Consequently, the stress dependence of Vs can be expressed by Equation 5-3
(Santamarina et al. 2001):
'
 corr
Vs   (
)
1kPa

Equation 5-3

'
where  corr
represents the side wall friction corrected mean normal effective stress on the

'

polarization plane:  corr

(1  K0 ) '
'
 v for vh or hv directions and  corr
 K0 v' for hh
2
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direction,  factor (m/s) is the velocity of a medium subject to 1 kPa confinement,
exponent  is related with the contact effects.
5.4. RESULTS
5.4.1. Scanning Electron Microscope Images. SEM images suggested that the
majority of the fly ash particles used in this study are spheres with hollow inside (Figures
5-4a and 5-4b). The platy-shaped Georgia RP-2 kaolinite aggregates can be seen in
Figure 5-4c. SEM images of 30% and 60% fly ash-kaolinite mixture are shown in Figures
5-4d and 5-4e. Approximately continuous contacts between fly ash particles for 60% fly
ash-kaolinite mixture were observed in Figure 5-4e. SEM images of kaolinite and 30%
fly ash-kaolinite mixture treated with PEO, chitosan and xanthan gum were presented in
Figures 5-5a and 5-5f. Figure 5-5a indicated that PEO has induced larger face-to-face
(FF) aggregations (aggregate size on the order of 2.6 m) than the aggregate size of
unmodified kaolinite (on the order of 0.6m, indicated by the SEM image). Besides FF
fabric, edge-to-edge (EE) and edge-to-face (EF) particle associations were observed in
chitosan and xanthan gum treated kaolinite and 30% fly ash-kaolinite mixtures (Figures
5-5c and 5-5e).
5.4.2. Fly Ash Cenosphere Shell Thickness. The shell thickness values of 67 fly
ash cenospheres (such as shown in Figure 5-4b) from 36 SEM images were measured.
Assuming a normal distribution, the mean value and the standard deviation were 0.0033
mm and 0.0019 mm, respectively. Although the mean shell thickness and standard
deviation could not represent the true characteristics of the fly ash cenospheres, a
reasonable and approximation of the fly ash distribution by assuming normal distribution
is still considered to be validated.
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(a)

(b)

(c)

(d)

(e)

Figure 5-4 SEM images of fly ash (a), pulverized fly ash (b), untreated kaolinite (c), and
fly ash-kaolinite mixtures at (d) 30% and (e) 60% fly ash content.
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FF
FF

(c)

(d)
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EF

FF
FF

(f)

(e)

EE
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Figure 5-5 SEM images of kaolinite modified by (a) PEO; (c) chitosan; (e) xanthan gum,
and SEM images of 30% fly ash-kaolinite mixtures modified by (b) PEO; (d) chitosan; (f)
xanthan gum.
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5.4.3. One-Dimensional Consolidation. The effective specific gravity of the fly
ash, which was subsequently used to calculate the void ratios of fly ash-kaolinite
mixtures, was measured to be 2.7 which agrees with the literature data (1.20 to 3.10) by
Bachus and Santamarina (2012), Lacour (2012), and Foster et al. (2014). The initial void
ratios ( e0 ) of the fly ash-kaolinite specimens at the first loading step (applied vertical
stress of 16 kPa; friction corrected mean normal effective stress in the range of 10.4 12.5 kPa) were listed in Table 5-1. As fly ash content increased from 0% to 60% then to
100%, e0 first decreased then remained constant (Figure 5-6a). The addition of xanthan
gum induced higher initial void ratio (increased from 1.07 to 1.34), while the addition of
PEO and chitosan induced lower initial void ratio (Figure 5-6b, and Table 5-1).
The compression index (Cc) and recompression index (Cr) of unmodified kaolinite
sample are 0.37 and 0.12, respectively (Table 5-1). As fly ash content increased, the
compression and recompression indices decreased gradually (Table 5-1, Figure 5-6a).
The addition of chitosan and PEO did not change the compression index of 30% fly ashkaolinite mixture but slightly reduced the recompression index (Table 5-1). On the other
hand, the addition of xanthan gum largely increased the compression index (from 0.33 to
0.45) and recompression index (increased from 0.05 to 0.06, Figure 5-6b, and Table 5-1).
Preconsolidation stresses (  c' ) of the mixtures, interpreted using the Casagrande’s
method, were ranged from 95-110 kPa, which agreed with the actual vertical loading
during slurry consolidation (100 kPa). The addition of PEO and Chitosan did not change
the preconsolidation stress of the mixtures, while the addition of xanthan gum reduced
the preconsolidation stress to 85 kPa.
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Figure 5-6 e-log p’ curves of fly ash-kaolinite mixtures and organically modified 30% fly
ash-kaolinite mixtures.
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Table 5-1 Initial void ratio, compression, and recompression indices of fly ash-kaolinite
mixtures and organically modified 30% fly ash-kaolinite mixtures
Cc

Cr

 c' (kPa)

e0

0 % Fly ash (pure kaolinite)

0.37

0.12

95

1.19

10 % Fly ash-kaolinite

0.36

0.07

99

1.13

20 % Fly ash-kaolinite

0.35

0.06

105

1.11

30 % Fly ash-kaolinite

0.33

0.05

103

1.10

60 % Fly ash-kaolinite

0.26

0.02

105

1.02

100 % Fly ash

0.17

0.01

110

1.03

PEO 1.0g/l + 30 % Fly ash-kaolinite

0.33

0.04

97

1.06

Chitosan 1.0g/l + 30 % Fly ash-kaolinite

0.32

0.04

98

1.07

Xanthan gum 1.0g/l + 30 % Fly ash-kaolinite

0.45

0.06
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1.34

Fly ash ratio/Organic concentration

5.4.4. Typical Vs and Vs Anisotropy Results. Typical measured Vs versus the
'
friction corrected mean normal effective stress in the polarization plane (  corr
)

relationship of the fly ash-kaolinite mixtures were shown in Figures 5-7 and 5-8. Several
general observations were made: (1). Vs was found to increase during loading and
decrease during unloading (Figures 5-7 and 5-8). (2). Under the same stress, Vs during
unloading was higher than the Vs during loading (Figure 5-7). (3). As fly ash content
increased, the measured Vs increased (Figure 5-8).
Addition of fly ash to kaolinite significantly affected its Vs anisotropy. By plotting
the shear wave velocity ratios of Vshh / Vsvh and Vshv / Vs vh , Vs anisotropy of fly ashkaolinite mixtures is clearly shown in Figure 5-9. The following trends were identified:
'
(1) As  corr
increased, Vs anisotropy increased (indicated by the increase of the ratios of

Vshh / Vsvh and Vshv / Vsvh ; Figure 5-9a). (2) The ratio of Vshh / Vsvh (i.e., 10% fly ash-
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'
kaolinite sample, Vshh / Vsvh =1.59 at  corr
 624 kPa ) in general is higher than the ratio
'
of Vshv / Vs vh (i.e., 10% fly ash-kaolinite sample, Vshv / Vs vh =1.22 at  corr
 624 kPa )

during both loading and unloading stages. (3) As the fly ash content increased, the Vs
'
anisotropy decreased (Figures 5-9a and 5-9b). Under the highest  corr
 for example, the

ratio of Vshh / Vsvh and Vshv / Vs vh of the 60% fly ash-kaolinite mixture are 1.10 and 0.99,
respectively. The ratio of Vshh / Vsvh and Vshv / Vs vh of 10% fly ash-kaolinite mixture,
however, were 1.55 and 1.22. (4) During unloading, the Vs anisotropy of 60% fly ashkaolinite mixture almost vanished as the stress removed, however, the Vs anisotropy of
10% fly ash-kaolinite mixture retained.

Figure 5-7 Vs in vh, hv, and hh directions of 30% fly ash-kaolinite mixtures during
loading and unloading stages.
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Figure 5-8 Vs in vh, hv, and hh directions of fly ash-kaolinite mixtures during (a) loading;
and (b) unloading stages. The symbols represent test data points and solid lines represent
fitting results by Eq. 5-3 by least square method. Data during the loading and unloading
stages were fitted separately and high R2 values (0.9025-0.9970) were achieved.
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Figure 5-9 Vshh / Vsvh and Vshv / Vs vh of fly ash-kaolinite mixtures at 10% and 60% fly ash
contents during (a) loading; and (b) unloading conditions.
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5.4.5. Vs and Vs Anisotropy of Organically Modified Soil. Shear wave velocity
behavior of polymer modified 30% fly ash-kaolinite mixtures (Figures 5-10 and 5-11)
followed the same trends as those of unmodified fly ash-kaolinite mixtures. However, the
Vs anisotropy behaviors have been significantly influenced by the addition of polymers
(Figures 5-12a, and 5-12b).
The addition of PEO and Chitosan increased Vs by as much as 16%. On the
contrary, the addition of xanthan gum decreased Vs by as much as 23%. The differences
among the Vs hh , Vs vh , and Vs hv for both PEO and xanthan gum treated soil increased as
loading increased, while they kept approximately constant as the load was removed
(Figures 5-11a and 5-11b).

Figure 5-10 The Vs-vh of organically modified fly ash-kaolinite mixtures during loading.
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Figure 5-11 The Vs of PEO, Xanthan gum modified 30 % fly ash-kaolinite mixtures in
vh, hv, and hh directions during (a) loading condition, and (b) unloading condition.
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Figure 5-12 Vshh / Vsvh of 30% fly ash-kaolinite mixtures modified by different polymers
during (a) loading; and (b) unloading conditions.

90
Comparing to unmodified 30% fly ash-kaolinite mixture, the Vs anisotropy, in
terms of Vshh / Vsvh values, decreased by the addition of polymers (Figures 5-12). In
general, the ability of reducing Vs anisotropy by polymers is ranked in the decreasing
order of xanthan gum, chitosan and PEO (Figure 5-12). Vs-hh / Vs vh of xanthan gum and
chitosan treated fly ash-kaolinite mixtures were lower than 1.0 during unloading (Figure
5-12b), which indicated that the Vs anisotropy has been reversed when the loading is
reduced.
5.5. DISCUSSIONS
5.5.1. Threshold Fly Ash Content (Fth). A threshold fly ash content ( Fth ) at
approximately 60% was identified, before and after which noticeable changes to the Vs
values and Vs anisotropy behaviors of fly ash-kaolinite mixtures were observed (Figure 5'
13). It is noted that Vs in vh, hv, and hh directions at  corr
of 600 kPa of fly ash-kaolinite

mixtures at different fly ash contents in Figure 5-13 were obtained by fitting the
measured Vs with Equation 5-3. This section focuses on Vs value changes, while the Vs
anisotropy behaviors will be elaborated in a later section. As fly ash content increased
from 10% to 60%, Vs values increased monotonically (Figure 5-13). As fly ash content
increased from 60% to 100%, Vs values either reached a plateau or decreased slightly. It
is hypothesized the observed threshold fly ash content is related to the onset of
continuous fly ash particle contacts throughout the sample, exceeding which the external
forces were mainly taken by the chains of fly ash particles. Packing models is proposed to
estimate the value of this threshold fly ash content. It is assumed that (1) all fly ash
particles are cenospheres of the same geometry with an outer diameter of 0.028 mm (i.e.
d50, Figure 5-2) and a shell thickness of 0.0033mm (from SEM results; see Shell
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Thickness section); (2) at this threshold fly ash content, the inside of the cenospheres are
filled with water only (i.e., no kaolinite), while the void space between cenospheres is
filled with saturated kaolinite whose void ratio equal to that under the same stress. Based
on above assumptions, simple cubic packing (the loosest state) and face-centered packing
(the densest state) represent the lower and upper bounds of all the possible packing
densities, respectively. The lower and upper bounds of the threshold fly ash contents at
'
 corr
 600kPa were calculated to be 53.1% and 74.6% respectively (see appendix),

which agrees well with the observed threshold fly ash content (around 60%) (Figure 513). This agreement validates the hypothesis that the threshold fly ash content
corresponds to the onset of continuous fly ash particle contacts throughout the mixture.
The shear wave velocity behavior with fly ash content can then be explained as follows.
Because fly ash ( Gmax ranges from 38-156 MPa,  v =100-800 kPa) (Kang 2015) is stiffer
than the saturated kaolinite ( Gmax ranges form 3-40 MPa,  v =100-800 kPa), addition of
fly ash to kaolinite leads to increment of Vs until reaching the threshold fly ash content
(approximately ranging from 53.1% to 74.6%). Exceeding the threshold fly ash content,
Vs value is influenced by two mechanisms: (1) increase of the fly ash packing density, i.e.
the number of fly ash cenospheres per unit volume, increases Vs and (2) decrease of
kaolinite content, especially those at the contacts between fly ash particles (given the
same fly ash packing density) decreases Vs. For example, the calculated packing density
increases from 39176 cenospheres/ mm3 to 63692 cenospheres/ mm3 as fly ash content
increases from 60% to 100%. However, due to the loss of kaolinite from 40% to 0%, the
net effect is either decreased Vs (in hh direction) or constant Vs (Figure 5-13).
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Figure 5-13 The shear wave velocity changes in vh, hv, and hh directions of fly ash'
kaolinite mixtures at different fly ash mixing ratios at  corr
 600kPa ; the insets illustrate
the volumetric content of fly ash cenospheres in the fly ash-kaolinite mixtures.

5.5.2. Effect of Fly Ash Content on the Vs Anisotropy. Vs anisotropy of a soil
originates primarily from fabric anisotropy and stress anisotropy (Bellotti et al. 1996;
Pennington et al. 1997; Santamarina et al. 2001; Wang and Mok 2008). The influence of
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fly ash content on the Vs anisotropy of fly ash-kaolinite mixtures is quantitatively
illustrated in Figure 5-14 and 5-15.
It is noted that the shear wave velocity ratios in Figure 5-14 and Figure 5-15 were
plotted under the same mean normal effective stresses in the polarization plane using the
fitted data by Equation 5-3. Thus the effect of stress anisotropy is removed and the Vs
anisotropy is primarily resulted from fabric anisotropy. It is observed that Vs anisotropy is
'
prominent at high stress and low fly ash content. For example, Vshh / Vsvh at  corr
= 600

kPa and 10% fly ash content is 1.59. High Vs anisotropy is attributed to the high volume
fraction of kaolinite particles, whose preferential alignment in horizontal direction
becomes more significant with higher loading in one-dimensional consolidation (Bellotti
et al. 1996; Pennington et al. 1997; Santamarina et al. 2001; Wang and Mok 2008). Vs
anisotropy gradually decreased as fly ash content increased, and diminished once past the
'
Fth. At  corr
= 600 kPa, Vshh / Vsvh reduced to 1.31, 1.09 and 1.01 when fly ash content

increased to 30%, 60% and 100%, respectively. Decrement of Vs anisotropy is due to the
addition of nearly spherical fly ash cenospheres, which have little to none fabric
anisotropy. Similar trends were observed for other mean normal effective stresses (Figure
5-14a) and for unloading cases (Figure 5-14b).
One exception is spotted where reversal trend of Vshh / Vsvh values were observed
at 20% and 30% fly ash contents under 200 kPa unloading stress (Figure 5-14b). The
possible reason of the reversal is that Equation 5-2 may not accurately predict K0 in
'
calculating  corr
during unloading, where complicated stress conditions may develop and

stress interlocking may occur (Wijewickreme et al. 2009; Yun and Santamarina 2005).
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Figure 5-14 Vshv / Vs vh of fly ash-kaolinite mixtures at different fly ash contents (0% 100%) during (a) loading; and (b) unloading conditions.
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Figure 5-15 Shear wave velocity ratio Vshv / Vs vh of fly ash-kaolinite mixtures at different
fly ash contents during (a) loading and (b) unloading conditions.
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5.5.3. Ionic Strength Effects on Vs Anisotropy. It was observed in a prior study
that ionic strength increased the Vs anisotropy of kaolinite (Kang et al. 2014). This
observation was confirmed in this study, as the use of 0.01 mol/l NaCl solution in
kaolinite increased Vs anisotropy (Figures 5-14a and 5-14b). According to the fabric map
of kaolinite (Palomino and Santamarina 2005), 0.01 mol/l NaCl solution induces more
aggregated edge-to-edge (EE) kaolinite particle association, which is easier to align
horizontally under high vertical load (> 200 kPa) than the dispersed kaolinite particle
association in deionized water. On the other hand, it is concluded from previous section
that the addition of fly ash decreased Vs anisotropy due to its spherical shape. However,
10% fly ash-kaolinite mixture had more Vs anisotropy than kaolinite in deionized water
did (Figure 5-14). This result suggested that the ions released from Class F fly ash
increased the ionic strength, whose effects on Vs anisotropy outweighed the spherical
shape-induced reduced fabric anisotropy, and increased Vs anisotropy of 10% fly ashkaolinite mixture.
5.5.4. Cross-Anisotropy. Cross -anisotropy, the material properties at vh and hh
directions equal, is often assumed in many geotechnical problems (Yimsiri and Soga
2000). By means of shear wave velocity ratio Vshv / Vs vh , this section will quantitatively
evaluate the cross-anisotropy behavior of fly ash-kaolinite mixtures. At high stress
'
(  corr
> 200 kPa) during loading or at any stress during unloading, Vshv / Vs vh of the

mixtures is higher than unity at kaolinite dominant zone (fly ash content < Fth), which
means the mixtures are not cross-anisotropic (Figure 5-15). For example, Vshv / Vs vh
decreased from 1.30 to 0.98 as fly ash content increased from 0% to 60% (i.e. near Fth) at
= 600 kPa (Figure 5-15). At kaolinite dominant zone, higher stresses during loading
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normally developed higher Vshv / Vs vh values (Figure 5-15a). Once the fly ash content
exceeded Fth, Vshv / Vs vh became close to unity, irrespective of the applied stress values.
This means that the fly ash-kaolinite mixtures are cross-anisotropic. Round sand was
reported as a cross-anisotropic material in the literature (Bellotti et al. 1996; Wang and
Mok 2008). The shape of fly ash cenospheres is similar to that of the round sand, which
makes fly ash cenospheres cross-anisotropic. On the other hand, platy-shaped kaolinite
particles align preferentially under high loading (> 200 kPa) (Bellotti et al. 1996; Kang et
al. 2014; Santamarina et al. 2001; Wang and Mok 2008), and therefore are not crossanisotropic. Consequently, fly ash-kaolinite mixtures are not cross-anisotropic in
'
kaolinite dominant zone (fly ash content < Fth) (except for  corr
< 100 kPa during loading,

where preferential alignment is not developed), and become cross-anisotropic at Fth and
fly ash dominant zone (fly ash content > Fth). Reversals of above-mentioned trends were
observed at 30% fly ash contents during unloading (Figure 5-15), which, again, is
attributed to the limitation of Equation (2) in representing complicated stress conditions
as discussed in previous section.
5.5.5. Effects of Polymers on the Vs and Vs Anisotropy.

For the organically

modified 30% fly ash-kaolinite mixture, polymers will interact with both the fly ash (at
macro-grain-scale, refer to polymer induced “cohesion”) (Cole et al. 2012) and kaolinite
(at microscale, i.e., polymer bridging) (Nasser and James 2006; Nugent et al. 2010;
Ringelberg et al. 2014; Tan et al. 2014). Chang et al. (2015) reported that the polymerclay interactions govern the overall behavior when clay (kaolinite) content is high (  60%
by weight), where the formation of the biopolymer-clay matrices is the major
contribution to the increase of strength. Since 30% fly ash-kaolinite mixture has high clay
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content (70% kaolinite by weight), the mechanical changes due to polymer-kaolinite
interactions are expected to dominate the overall behavior of the organically modified
30% fly ash-kaolinite mixtures.
The Vs increase (16%, Figure 5-10) of PEO modified 30% fly ash-kaolinite
mixture is attributed to “polymer bridging”. PEO chains served as “adhesive bonding”
between soil particles (Mpofu et al. 2004; Swenson et al. 1998), which increased the
interparticle attractive forces. Macroscopically, this was equivalent to an increase in
effective stress, which improved the stiffness of geomaterials (Cho and Santamarina
2001). In addition, “polymer bridging” induced densely-compacted and larger kaolinite
aggregates (Figure 5-5). The typical aggregate size of PEO modified fly ash-kaolinite
mixture reached 2.585 um , which is eight times larger than the d50 of unmodified
kaolinite (Figure 5-5).

Large and compacted aggregates might contribute to the Vs

increment even if the bulk void ratio remained almost constant (Table 5-1) (Zhan et al.
2013).
Chitosan was also found to increase the Vs of 30% fly ash-kaolinite mixtures, but
to a lesser extent compared to PEO (Figure 5-10). Positively charged chitosan will firstly
interact with negatively charged kaolinite through Coulombian attraction (charge
neutralization). Charge neutralization would not bind kaolinite particles together and
therefore would not induce large compacted aggregates (Huang and Chen 1996; Parazak
et al. 1988; Zhang et al. 2013). Beside, charge neutralization process might reduce the
number of available polymers that participate in the secondary interaction - polymer
bridging (such as hydrophobic interactions and hydrogen bonds) (Kim and Yang 2012;
Tan et al. 2014). As a result, given the same dosage, the polymer bridging effect of
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Chitosan is weaker than PEO. This could be shown by the small aggregate size
(0.980 m ) by chitosan modified 30% fly ash-kaolinite mixture (Figure 5-5c). In
addition, a recent study from Wang et al. (2015) suggested that high salinity conditions
(0.01-1.0 mol/l NaCl), under which the aggregation tendency of chitosan polymer chains
leads to fewer polymer chains available to bind with kaolinite particles, thus weaken the
“bridging” effect of chitosan. Since the fly ash hydration increases the ionic strength in
the pore fluid (the ionic strength of 30% fly ash solution is equivalent to the ionic
strength 0.01 mol/l NaCl), it weakens the “bridging” performance of chitosan, thus
compromises the kaolinite aggregates size (0.980 m , Figure 5-5c) and Vs increase
(Figure 5-10).
The Vs of 30% fly ash-kaolinite mixtures decreased by 23% when treated with
xanthan gum polymer (Figure 5-10), which could be attributed to the following two
reasons. The interparticle forces are dominated by strong electrostatic repulsion forces
that exist between negatively charged xanthan gum and negatively charged kaolinite
(Benchabane and Bekkour 2006; Zhang et al. 2013). Macroscopically, this is equivalent
to a decrement of effective stress, which in turn leads to a decrease of Vs. Beside, xanthan
gum chains, attracting positively-charged edges of kaolinite and repelling negativelycharged faces of kaolinite via electrostatic attraction (Benchabane and Bekkour 2006;
Tan et al. 2014; Zhang et al. 2013), induced a loose layered kaolinite fabric (Labille et al.
2005) (Figure 5-5f). As a result, the bulk void ratio increased dramatically (by 22%,
Table 5-1), and the Vs decreased by 23% (Figure 5-10).
The Vs anisotropy of fly ash-kaolinite mixtures was reduced by the addition of
PEO, chitosan or xanthan gum (Figure 5-12), which could be attributed to reduction of
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fabric anisotropy and reduction of stress anisotropy. Fabric anisotropy was reduced due
to changes of the fabric of kaolinite aggregates. In the case of PEO or chitosan
modification, the size of kaolinite aggregates was increased by “polymer bridging”
(Figure 5-5), where compacted and large aggregates were formed with small aspect ratio
(less platy like unmodified kaolinite particles). The reduction of aspect ratio decreased
the fabric anisotropy. Thus, Vs anisotropy of organically modified fly ash-kaolinite
mixtures decreased in both loading and unloading conditions (Figures 5-12a and 5-12b).
In the case of xanthan gum modification, dispersed and thin-layered fabrics (SEM
images, Figure 5-5) were observed even under the highest applied stresses in this study,
which prevents preferential alignment. As a result, Vs anisotropy is less apparent than
unmodified fly ash-kaolinite mixture. On the other hand, stress anisotropy was reduced
due to the decrease of coefficient of lateral earth pressure at rest, K0, by polymers. PEO
and chitosan increased the critical state friction angle (  ' ) (Kang 2015), and led to
decrease in K0 according to Jaky’s Equation ( K0  1  sin  ' ). Consequently, the mean
normal effective stress in hh direction is reduced, which leads to the decrease of Vs hh ,
and eventually to the reduction of Vs anisotropy ( Vshh / Vs vh , Figure 5-12a).
5.5.6. Stress Dependence of Vs. The stress dependence of Vs could be expressed
by Equation 5-3 (Santamarina et al. 2001). The coefficient  is theoretically related to the
contact effects. An  value of 1/6 represents the Hertzian contact (elastic spheres), 1/4
represents the cone-to-plane contacts (rough or angular particles) or spherical particles
with contact yield, and 3/4 represents the contacts governed by Coulombian forces
(Santamarina et al. 2001).  and  parameters were fitted with Equation 5-3 by least
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square method (Solver function in Microsoft Excel) (see Figures 5-16a and 5-16b). Data
during the loading and unloading stages were fitted separately. High R2 values (0.9025 0.9970) of the fitting suggested a good agreement between the measured data and
Equation 5-3.
For kaolinite particles, overconsolidation shrinked the electrical double layer and
increases the particle contacts. For fly ash particles, overconsolidation increased packing
density (Figure 5-6). Both mechanisms yield stiffer particulate material than their
normally consolidated conditions, which was demonstrated by increased  values and
decreased  values in general (Figures 5-16a and 5-16b).
During loading, at kaolinite dominant zone (fly ash content < Fth), most and

values fall in the “loading zone” as shown in Figure 5-16a, which were characterized
by low a values ( < 30) and high b values ( > 0.23); while at fly ash dominant zone
(fly ash content > Fth), and values fall in the “transition zone” (Figure 5-16a), which
were characterized by higher  values and lower  values than the “loading zone”.
During unloading, approximately monotonic trend was observed that as fly ash content
increased from 0% to 100%,  values increased and  values decreased (Figure 5-16a).
In both cases, the addition of fly ash to kaolinite increased the stiffness and Hertzian
contacts, which were illustrated by increased  values and decreased  values,
respectively. During loading, no obvious trend was observed on the effects of polymers
on  and  values of 30% fly ash-kaolinite mixtures, the majority of which resided in
“loading zone” and “transition zone” (Figure 5-16b). During unloading, however, higher
 values and lower  values were observed in “transition zone” and “unloading zone”.

During unloading, in the order of xanthan gum, chitosan and PEO,  increased and 
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decreased monotonically. This observation agrees with the SEM results (Figure 5-5) and
previous discussions on the fabric structures of polymer modified 30% fly ash-kaolinite
mixtures that, xanthan gum induced more flocculated structure (more Coulombian force)
and PEO induced larger and stiffer particle (more elastic contacts). Linear and hyperbolic
functions (Figures 5-16a and 5-16b) were used to fit the observed data with good Rsquared values (ranged from 0.7587-0.9028). The resulting fitting curves in this study are
similar to previous studies (Santamarina et al. 2001; Ku et al. 2011) with lower  values
in overconsolidated soils. This is postulated to be the presence of fly ash particles (more
Hertzian contacts).
5.5.7. Porosity Dependency of Vs. Figure 5-17 shows the relationship of shear
wave velocity versus porosity of fly ash-kaolinite mixtures in the vh direction. Similar
trends were observed for Vs in the hv and hh directions. At a given fly ash content, the Vs
decreased as the porosity increased. However, the same porosity yielded different Vs
values because of the different fly ash contents and applied stresses (Figure 5-17).
5.6. CONCLUSIONS
The shear wave velocity and its anisotropy of unmodified and polymer modified
fly ash-kaolinite mixtures were investigated by a self-developed floating wall
consolidometer type bender element testing system. The following results were
concluded:
(1). The compressibility and swelling potential of fly ash-kaolinite mixtures
decreased as the fly ash content increased. PEO and chitosan could reduce the
compressibility and swelling potential; however, xanthan gum relatively increased the
compressibility and swelling potential of the 30% fly ash-kaolinite mixture.
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Figure 5-16 Fitted values of  and  coefficients of (a) fly ash-kaolinite mixtures; and
(b) organically modified 30% fly ash-kaolinite mixtures.
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Figure 5-17 Vs vh of fly ash-kaolinite mixtures during loading as a function of porosity.

(2). A threshold fly ash content (Fth), which corresponding to the onset of
continuous contacts between fly ash particles throughout the sample, was found to exist
for the Vs and Vs anisotropy behaviors of fly ash-kaolinite mixtures. Before Fth, as fly ash
content increased, the magnitude of Vs in three orthogonal directions increased, while Vs
anisotropy decreased. After Fth, as fly ash content increased, Vs slightly decreased or
remained constant, while Vs anisotropy almost diminished.
(3). Fly ash particles are stiffer than saturated kaolinite. Therefore, the addition of
fly ash particles increased the stiffness of mixture when fly ash content is below the Fth.
After Fth, there are two competing mechanisms, i.e. Vs increase due to the increase of fly
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ash content and Vs decrease due to the loss of kaolinite mass, especially those at fly ash
particle contacts. The results suggested that the latter is more obvious.
(4). Mechanically, fly ash particles are primarily spherical, and therefore have-not
fabric anisotropy. As a result, addition of fly ash particles reduces Vs anisotropy.
(5). Physicochemically, high ionic strength increased Vs anisotropy. High salt
concentration (0.01 mol/l NaCl) increased the Vs anisotropy of kaolinite. The ions
released from Class F fly ash increased ionic strength of the pore fluid, which, in return,
increased the Vs anisotropy of fly ash-kaolinite mixtures.
(6). Cross anisotropy assumption is valid as fly ash content is higher than Fth, and
is invalid as fly ash content is lower than Fth.
(7). The addition of PEO leads to larger and stiffer kaolinite aggregates due to
polymer bridging, which yields higher Vs. Chitosan has similar effects to PEO on Vs
values, but to a lesser extent. On the contrary, xanthan gum induced more flocculated
layered structure to the kaolinite aggregates, which leads to a lower Vs.
(8). All three polymers reduced Vs anisotropy. This is attributed to the reduction
of initial fabric anisotropy and the reduction of stress anisotropy (which reduces the

Vs hh ).
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6. LARGE STRAIN STRESS-STRAIN RESPONSES OF ORGANICALLY
MODIFIED HIGH VOLUME CLASS F FLY ASH-KAOLINITE

6.1. INTRODUCTION
Sustainable reuse of fly ash has been gradually gaining its weight in Geotechnical
Engineering applications in recent decades, such as deep soil mixing, soil replacing, and
soil stabilization (Ferguson 1993; Doven and Pekrioglu 2005; Kang et al. 2013; Kang et
al. 2015; Nhan et al. 1996). The reuse of fly ash has significant benefits; however,
challenges exist in the high volume reuse of Class F fly ash in geotechnical engineering,
for example, little cementitious effects, easy to be liquefied, drastic mechanical drop due
to small variation of water content, weak water retention capacity, lack of the guidelines
to characterize fly ash, and environment concerns. In spite of the advantages of organics
and the successful cases in organically modified soils, studies on organically modified fly
ash-soil mixtures were rarely found in the literature. Fly ash is often negatively charged,
the reuse of which in geotechnical engineering could also benefit from the addition of
organics through polymer bridging and electrostatic forces. Therefore, this study intended
to use organic agents, which include both synthetic polymers and biopolymers, to modify
the geotechnical properties of fly ash-kaolinite mixtures so as to foster high volume reuse
of Class F fly ash in geotechnical engineering, i.e., soil stabilization, deep soil mixing,
structural fill, landfill liners, and pavement subgrades. The objectives of this chapter are:
(1) Characterize the microstructure of organically modified fly ash-kaolinite mixtures by
using scanning electron microscopy (SEM) technique. (2) Investigate large strain stressstrain behaviors of organically modified fly ash-kaolinite mixtures and their dependency
on the polymeric additives by conducting consolidated undrained (CU) triaxial shear test.
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6.2. MATERIALS AND EXPERIMENTAL METHODOLOGY
6.2.1. Materials. Georgia kaolinite (RP-2, Active Mineral International) was used
was used in this study. The kaolinite is an air-float processed clay, with a specific gravity
Gs = 2.6 and an average aggregates diameter (d50) of 0.00036 mm (Figure 6-1). The Fly
ash used in this study is from Lafarge power plants, Wisconsin, USA. This fly ash is
classified as Class F (ASTM standard C 618), which has little self-cementious property.
The fly ash has an average diameter (d50) of 0.028mm (Figure 6-1) and specific gravity
Gs = 2.7 (Pycnometer test, ASTM D854-14). The chemical components of the fly ash and
kaolinite are tabulated in Table 6-1. The major chemical components of kaolinite are
Al2O3 (45.60%) and SiO2 (38.40%). Large volume of amorphous chemical component
(63.5%) was detected in the fly ash. Aluminum oxide (Al2O3) and mullite (Al6Si2O13) are
the major crystal components of the fly ash, which takes 16.2% and 10.1%, respectively
(Table 6-1).

Kaolinite
Chemical
Percentage
Component
SiO2
45.60%
Al2O3
38.40%
Fe2O3
0.88%
TiO2
1.69%
CaO
0.05%
MgO
0.02%
K2 O
0.15%
Na2O
0.21%
LOI
13.70%

Crystal

Table 6-1 Chemical analysis results of RP-2 kaolinite and fly ash from XRD Tests
Fly Ash
Chemical
Percentage
Component
Al2O3
16.2%
SiO2
6.4%
Fe2O3
3.9%
Al6Si2O13
10.1%

Amorphous

63.5%
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Figure 6-1 Grain size distributions of kaolinite and fly ash.

Three polymers were selected to improve the strength of fly ash-kaolinite
mixtures: Nonionic Polyethylene Oxide ( ( CH 2CH 2O )n , PEO), positively-charged
Chitosan ( (C6 H11NO4 )n ), and negatively charged xanthan gum ( (C35 H 49O29 )n ). The
chemical structures of the selected polymers are shown in Figure 6-2. PEO is perceived
as a “flexible” polymer, with a structure described as a random coil and can change
conformation dynamically in solution (Mpofu et al. 2004). The PEO polymer used in this
research has a molecular weight (M.W.) of 600,000 g mol 1 . Chitosan is produced
commercially by deacetylation of chitin, which is the structural element in the
exoskeleton of crustaceans (such as crabs and shrimp) and cell walls of fungi. Chitosan
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adopted in this research has a M.W. of 100,000-300,000 g mol 1 . Xanthan gum is an
anionic polysaccharide, derived from the bacterial coat of Xanthomonas campestris,
which usually used as rheology modifier and soil conditioner. The xanthan gum used in
this research has a M.W. of 90,000-160,000 g mol 1 . All chemicals were purchased from
Fisher Scientific, and were used as received.

PEO

Xanthan gum
Chitosan

Figure 6-2 The chemical structures of PEO, Chitosan, and Xanthan gum.

6.2.2. Sample Preparation. All the specimens used in this study were obtained
from slurry consolidation. The details of the sample preparation are in Kang et al. (2014),
but the key information is presented here. Dry fly ash and kaolinite at fly ash weight
ratios of 0, 30%, 60% and 100% were mixed and submerged into 1.0 mol/l NaCl
solutions or 1 g/l polymer solutions (PEO, xanthan gum, or chitosan) with a solid to
water ratio of approximately 0.2 ( 0.05 ). The resulting slurry was then gently stirred by
hand for 30 minutes and then let stand for 24 hours for the completion of the hydration
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process. The slurry was then translated into a sample preparation tube (45.7 cm  11.5 cm
in height  diameter) with double drainage system. Stepped axial consolidation loadings
of 3.5, 7, 14, 28, 50, and 100 kPa, was applied to the slurry during which the settlement
of the loading piston was monitored, and each step of loading was added until the end of
primary consolidation was reached (judged by Taylor’s method). After reaching 100 kPa
vertical consolidation pressure, samples were unloaded with the unloading sequence of
100, 50, 28, 14, 7, and 3.5 kPa and then stored in moist curing room until testing. It is
important to note that friction losses from loading piston were not measured in the slurry
consolidometer and that the ultimate vertical consolidation load on the slurry was lower
than the nominal vertical load 100 kPa.
6.2.3. Scanning Electron Microscopy Imaging. SEM test was performed on fly
ash, kaolinite and organically modified kaolinite and fly ash-kaolinite samples with SEM
S-4700 (Hitachi Inc.). Sample surfaces were coated with a conductivity material, gold,
using a sputter-coater (Hitachi E 1030) so as to increase the surface electrical
conductivity and ensure high quality images. For each sample, four to six images were
taken and compared, and then a representative image was reported.
6.2.4. Consolidated Undrained (CU) Triaxial Compression Test. Isotopically
consolidated undrained triaxial compression tests were carried out in a Humboldt triaxial
testing system with normally consolidated samples and three effective consolidation
pressures (Table 6-2). All the shear tests were strain-rate-controlled tests and were
performed in accordance with ASTM D 4767-11.
The slurry consolidated specimens (11.5 cm diameter) were trimmed into four 3.6
cm (2.8 in) diameter by 7.2 cm (5.6 in) height cylindrical specimens for triaxial
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compression tests. The specimens were saturated using back pressure until a B value of
0.95 or higher were reached. After saturation, the specimens were consolidated by
different consolidation pressures, 103 kPa (15 psi), 207 kPa (30 psi), and 414 kPa (60
psi). The coefﬁcient of consolidation, Cv, of kaolinite, fly ash-kaolinite mixtures, and
organically modified fly ash-kaolinite mixtures was analyzed using the Taylor squareroot-of-time method with double drainage.
A strain-rate of 0.0005 cm/min (0.0002 in/min) based on the lowest permeability
samples (pure kaolinite) was used for applying the deviatoric stress. This strain rate was
adopted for all the tests, therefore to avoid the strain-rate effects. Large shear strain was
retained for each test so as to ensure all the specimens have reached the critical state.
Because under small shear strain the macro-fabric is sheared to critical state, however,
the micro-fabric of individual clay packets may not reach the critical state thus the initial
fabric influence is still associated (Wheeler and Sivakumar 2000).
Corrections for cross-sectional area change, membrane stiffness, and friction
between loading rod and bushing were accounted for in the calculation of applied stress.
The corrected heights and diameters of the samples were used in the shearing test
calculation by assuming the deformation of a “right” circular cylinder.
To prevent corrosion within the panel controls, the salt/organic solution was
isolated from the de-aired water by P620000 bladder accumulators (Trautwein Soil
Testing Equipment, Houston, Texas). Void ratios of the samples at the end of
consolidation of each test were tabulated in Table 6-2.
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Table 6-2 Physical and mechanical properties of tested samples

The CU triaxial test results were presented in the p ' q stress space, where q is
the difference between effective major and minor principle stresses (Equation 6-1), and
p ' is one third of the summation of the three effective principle stress (Equation 6-2). M

is called the friction parameter which is the slope of the critical state line in p ' q space.
The critical state is defined that “under sustained uniform shearing, the soil is
continuously deforming at constant volume, constant normal effective stress, constant
shearing stress, and constant velocity” (Schofield and Wroth 1968). The critical state
lines in p ' q  e space are defined by Equations 6-4 and 6-5, where ecs is the void ratio,

pcs' is the mean effective stress, and qcs is the deviator stress at critical state. The  cs is
the location of CSL in the compression plane and the cs is the slope of the CSL in
v  log p ' plane.
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q  (1'   3' )
1
p '  ( 1'  2 3' )
3

M

6sin c' 

3  sin c' 

qcs  Mpcs'
vcs  1  ecs  cs  cs log pcs'

Equation 6-1

Equation 6-2

Equation 6-3

Equation 6-4
Equation 6-5

6.3. RESULTS
6.3.1. Microfabric and Particle Associations. SEM images suggested that the
Georgia RP-2 kaolinite particles are primarily in platy shape (Figure 6-3a). On the
contrary, fly ash particles are in spherical shape and varied in sizes under SEM (Figure 63b). The SEM image of 30% fly ash-kaolinite mixture is shown in Figure 6-3c, where ash
particles were randomly distributed in the kaolinite (indicated by the circles).
Edge-to-Edge (EE) and Edge-to-Face (EF) particle associations were observed in
both chitosan and xanthan gum treated kaolinite (Figures 6-3f and 6-3h). Face-to-Face
(FF) aggregations were observed for the PEO treated kaolinite (Figure 6-3d), whose
aggregate size was reached up to 2.585  m (d50 of pure kaolinite is 0.3  m ).
For the organically modified 30% fly ash-kaolinite mixtures, similar microfabrics
were observed where the fly ash particles are surrounded by the polymer induced highly
compacted kaolinite aggregates (Figures 6-3e, 6-3g and 6-3i).
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Figure 6-3 Scanning electron microscope images of: (a) Georgia RP-2 kaolinite particles,
(b) fly ash particles, (c) 30 % fly ash-kaolinite mixtures, (d) Xanthan gum modified
kaolinite, (e) PEO modified kaolinite, (f) Chitosan modified kaolinite, (g) PEO modified
30 % fly ash-kaolinite mixture, (h) Chitosan modified 30 % fly ash-kaolinite mixture, and
(i) Xanthan gum modified 30 % fly ash-kaolinite mixture.
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6.3.2. The Coefficient of Consolidation (Cv). The Cv was analyzed during the
consolidation stage of the triaxial shear test at 414 kPa confining pressure. Pure kaolinite
exhibited the lowest Cv, which is 4.45 106 m2 / min . The Cv of kaolinite under 1.0 mol/l
NaCl electrolyte solution was increased to 8.87 106 m2 / min . The Cv of 30% and 60%
fly ash-kaolinite mixtures, and pure fly ash are 2.07 105 m2 / min , 7.12 105 m2 / min ,
and 4.02 103 m2 / min , respectively, indicating that the magnitude of Cv increased as
the fly ash content increased. PEO and Chitosan resulted in higher values of the Cv (the
Cv of PEO modified mixture is 8.22 105 m2 / min , and the Cv of chitosan modified
mixture is 2.38 105 m2 / min ), while xanthan gum relatively decreased the Cv of the
30% fly ash-kaolinite mixtures ( Cv  1.35 105 m2 / min ).
Increases in the magnitude of Cv may indicate increased degree of flocculation
within the organically modified soil (PEO and chitosan), which has been demonstrated to
increase as the total organic content increased (Bate et al. 2014). The decrease in the
magnitude of the Cv is attributed to the deflocculated and dispersed fabric that prohibited
the flow. In addition, due to the pseudoplastic nature of xanthan gum, the pore fluid
viscosity is increased, which decreases the hydraulic conductivity (polymer induced pore
clogging), and in turn decreases the magnitude of the Cv (Bouazza et al. 2009; Martin et
al. 1996).
6.3.3. Stress-Strain Responses. Contractive behaviors were observed for NC
kaolinite samples in CU triaxial compression tests, where positive pore-water pressures
were generated and the shear stress monotonically increased to a plateau value (Figure 64). All three NC kaolinite specimens bulged as the shearing taking place and no failure
plane was observed at the end of shearing. The normally consolidated kaolinite under 1.0
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mol/l NaCl electrolyte solution, however, exhibited peak shear stress point/pore-water
pressure point (post peak strain-softening) with positive pore-water pressure generation
(Figure 6-4). The post peak strain-softening behavior was due to a well-developed failure
plane during shearing.
Post peak strain-softening behaviors were also observed for the 30% fly ashkaolinite mixtures (Figure 6-5). The normally consolidated fly ash samples showed
typical “overly consolidated” behavior (dilation) as those reported by Schofield and
Wroth (1968), with the shear stress first mobilized to its peak and then yielded to the
critical-state as shearing taking place (Figure 6-5d). Positive pore-water pressures were
generated initially and then decreased to negative values. In general, the undrained shear
strength of fly ash is much higher than that of the kaolinite and fly ash-kaolinite mixtures
due to the dilation.
The PEO, chitosan and xanthan gum modified 30% fly ash-kaolinite mixtures
tested in consolidated undrained triaxial compression tests also demonstrated peak shear
strength and positive pore-water pressure generation, as exhibited by the stress-strain
behaviors of PEO modified 30% fly ash-kaolinite mixtures (Figure 6-6a). Stress-strain
behaviors of other tested organically modified soils were similar (data not shown). All the
samples showed a peak shear stress point, after that yielded to the critical state as
shearing taking place, which is similarly to the behaviors observed from the salt treated
kaolinite (Figure 6-4). There is no dilation tendency observed due to the positive porewater pressure generation (Figure 6-6b). It was noted that the peak shear strength was
mobilized at smaller strains when the effective confining pressure is low (indicated by the
circle in Figure 6-6a).
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Figure 6-4 Consolidated undrained triaxial compression strength test results of pure
kaolinite (a) stress-strain diagram; (b) pore-water pressure diagram; (c) p '  q diagram;
and 1.0 mol/l NaCl treated kaolinite: (d) stress-strain diagram; (e) pore-water pressure
diagram; (f) p '  q diagram.
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Figure 6-5 Consolidated undrained triaxial compression strength test results of 30 % fly
ash-kaolinite mixture (a) stress-strain diagram; (b) pore-water pressure diagram; (c)
p '  q diagram; and 100 % fly ash samples: (d) stress-strain diagram; (e) pore-water
pressure diagram; (f) p '  q diagram.
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Figure 6-6 Consolidated undrained triaxial compression strength test results of PEO
modified 30 % fly ash-kaolinite mixtures (a) stress-strain diagram; (b) pore-water
pressure diagram; (c) p '  q diagram.

The NCLs were plotted against the effective mean normal stress at the end of
isotropic consolidation and the CSLs were plotted by using the mean normal effective
stress values at the critical state (Roscoe and Wroth 1958; Schofield and Wroth 1968)
(see Figures 6-7a, 6-7b, and 6-7c). Linear regressions were carried out based on the
Equations 6-4 and 6-5 and the locations of NCLs and CSLs (  nc and  cs ) and the slopes
of NCLs and CSLs ( nc and cs ) in v  log p' plane, and the slope of the critical state
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failure envelope, M, were determined and tabulated in Table 6-3. Based on the test
results, a few observations were draw: (1) The NCLs were roughly parallel with the CSLs
for all the soils, although deviation was noted in some instances (100 % fly ash sample,
and xanthan gum modified fly ash-kaolinite sample) as higher pressures were reached.
(2) Salt could effectively lower the position of the NCL and CSL of kaolinite; however
the slope of NCL and CSL remain unchanged (Figure 6-7a). (3) As the fly ash content
increased, the slope of the NCL in v  log p' plane ( nc ) decreased from 0.36 (0 % fly
ash) to 0.07 (100 % fly ash). Similarly trend was observed for the cs (Figure 6-7b). The
location of the CSL in the compression plane also moved downward (from 1.97 to 1.20),
however, the slope of the failure envelope M increased (0.80 to 1.21). (4) Chitosan and
PEO were found to decrease the cs , and increased the values of  nc and  cs . On the
contrary, the slope of the NCL and CSL in v  log p' plane was increased and the
locations (  nc and  cs ) moved up due to the addition of xanthan gum (Figure 6-7c,
Table 6-3).
In p ' q space, the peak and critical-state friction angles were calculated by
regression analysis from stress-strain curves at three different confining pressures
(Figures 6-4, 6-5, and 6-6). The coefficient of determination ranged from 0.9127 to
0.9907 for peak friction angels and from 0.9518 to 0.9955 for critical-state friction
angles, indicating good correlations. The effective critical-state friction angle of kaolinite
in deionized water and in 1.0 mol/l NaCl solution are 20.30 and 21.4°, respectively. Peak
friction angle (  p' = 25.60 ) was induced for the kaolinite in 1.0 mol/l NaCl solution
(Figure 6-4). PEO and Chitosan were found to slightly increase the c' , however, xanthan
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gum relatively decreased the c' of kaolinite (as indicated by the “difference” of c'
between polymer modified and unmodified kaolinite in Figure 6-8b).

Table 6-3 Parameters of the NCL and CSL
Test Sample

NC State

Critical state

nc

 nc

cs

 cs

M

Pure kaolinite

0.36

1.97

0.34

1.86

0.80

1.0 mol/l NaCl kaolinite

0.30

1.78

0.31

1.71

0.83

30 % Fly ash+70 % kaolinite

0.31

1.58

0.33

1.55

0.99

60 % Fly ash+40 % kaolinite

0.25

1.50

0.31

1.56

1.11

100 % Fly ash

0.07

1.21

0.12

1.36

1.21

1.0 g/l PEO+30 % Fly ash-kaolinite

0.35

1.80

0.33

1.66

1.04

1.0 g/l Chitosan+30 % Fly ash-kaolinite

0.28

1.59

0.31

1.58

0.99

1.0 g/l Xanthan gum+30 % Fly ash-kaolinite

0.37

1.99

0.66

2.49

0.88

For the fly ash-kaolinite mixtures, both the peak and critical-state friction angles
increased as the fly ash content increased (Figure 6-8a). For the organically modified
30% fly ash-kaolinite mixtures, the c' of PEO modified mixture increased from 25.20 to

26.70 , the c' of Chitosan treated mixture remained almost unchanged (slightly increased
from 25.20 to 25.30 ), however, the c' decreased from 25.20 to 22.60 by mixing of the
xanthan gum. The effect of polymers on the c' was found to follow the order of
PEO>chitosan>xanthan gum.
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Figure 6-7 Normal consolidated lines (NCL) and critical state lines (CSL) for test
samples: (a) pure kaolinite and salt treated kaolinite; (b) fly ash kaolinite mixtures at
different fly ash content; (c) organically modified fly ash kaolinite mixtures at 30% fly
ash content.
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Figure 6-8 (a) Peak and critical-state friction angles for tested specimens as a function of
the fly ash content: (b) critical-state friction angle change induced by different salt and
organic polymers for both kaolinite and 30% fly ash-kaolinite mixtures; (c) critical-state
of fly ash-kaolinite mixtures in p’-q space; (d) deviatoric stress as a function of effective
mean normal stress of fly ash-kaolinite mixture modified by different polymers.

6.4. DISCUSSIONS
6.4.1. Effect of Salt on the Stress-Strain Behaviors of Kaolinite. All three NC
kaolinite samples treated by 1.0 mol/l salt solution exhibited post peak strain-softening
behaviors (Figure 6-4a). This is attributed to the aggregated microfabric (FF) that induced
by the high salinity condition (Mitchell and Soga 2005; Moore and Mitchell 1974). In
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addition, high salinity condition shrunk the thickness of electrical diffuse double layer,
induced aggregation to kaolinite, and decreased water content, which in turn reduced the
void ratio (Table 6-2). The critical-state friction angle of kaolinite was increased by the
addition of salt, which is attributed to the following three mechanisms. (1) The increase
of the interparticle attractive force. Salt could compress EDL and reduce the EDL
repulsion force, which lead to the van der Waals attraction force becomes the dominant
interparticle force (Anandarajah and Zhao 2000; Moore and Mitchell 1974; Sachan and
Penumadu 2007; Yong and Warith 1989;). (2) The alteration of the kaolinite basal
spacing by salt (Mitchell and Soga 2005). The decrease of basal spacing will lead to an
increase of the frictional resistance during basal plane slippage (Mitchell and Soga 2005).
(3) Salt induced “larger” kaolinite aggregates (Figure 6-3) that enhanced the frictional
resistance during shearing (Kang et al. 2013). Furthermore, it is documented that 1.0
mol/l NaCl could also increase the critical-state friction angle of bentonite clay by 30 (Di
Maio and Fenelli 1994).
6.4.2. Effect of Fly Ash Content on the Stress - Strain Behaviors. Normally
consolidated fly ash-kaolinite mixtures exhibited post-peak strain softening behavior
during shearing (Figure 6-5a), which is attributed to the initially flocculated microfabric
(EE/EF) induced by the high pore fluid ionic strength. For example, the hydration of 30%
fly ash in the mixture could increase the pore fluid ionic strength to 936  S / cm
(equivalent to 0.01 mol/l salt solution), which essentially induced flocculation (EF/EE) to
kaolinite (“fabric map”), therefore, all specimens exhibited post-peak strain-softening
behavior during shearing (Palomino and Santamarina 2005).
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The NC fly ash samples, however, exhibited dilative behaviors during shearing
(Figure 6-5d) which is attributed to the coarse fly ash particles (like sand) and high
relative density (78.8%). The fly ash used in this study is classified as “sandy silt”
(USCS) which has approximately 25% particles in the range of fine sand (62.5-125 m )
and 75% particles in the range of silt (4-62.5 m ) with little plasticity. The relative
density of the slurry consolidated fly ash sample is 78.8% ( emax  1.391 and emin  0.984 )
(ASTM D 4253 and D 2454), which falls into the category of dense sand (ID = 65%-85%)
(Craig 1997). Therefore, it exhibited dilative behaviors during shearing. Furthermore,
dilative trends were observed in Dingrando et al. (2013), whose fly ash contains 22%
particles in the range of fine sand, and their NC fly ash samples were also prepared by
slurry consolidation. Kim et al. (2005) and Rivard-Lentz et al. (1997) conducted CU test
on compacted fly ash samples ( I d =75% and 95%) which also exhibited dilative
behaviors.
As the fly ash content increased, the slope of the NCLs and CSLs decreased
(Table 6-3), indicating the compressibility of the fly ash-kaolinite mixtures decreased.
Saturated kaolinite particles are more plastic because they have thick EDL and large
interparticle repulsive force (Santamarina et al. 2001); however, spherical fly ash
particles have thin EDL (little interparticle repulsive force). The large repulsion force
generated from thick EDL of kaolinite causes greater interparticle void space, which
leads to the high compressibility of kaolinite. As the fly ash content increased, it not only
gradually replaces kaolinite, but also compresses the EDL of kaolinite during hydration,
thus the compressibility decreased.
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The peak and critical-state friction angle changes could be understood by the
proposed concept of “threshold fly ash content” (Kang 2015), which is defined as the
weight of fly ash over the total weight of the fly ash-kaolinite mixture when kaolinite
fully fills the interparticle voids among fly ash grains. Essentially, it is related to the onset
of continuous fly ash particle contacts throughout the sample, where the external forces
were mainly taken by the chains of fly ash particle contacts. In this study, the threshold
fly ash content of the fly ash-kaolinite mixtures constructed by slurry consolidation is
found between 53.1% and 71% (see appendix), which corresponding to the observed
noticeable changes of both the peak and critical-state friction angles at approximately
60% (Figure 6-8a). When the fly ash content was higher than the threshold fly ash
content (> 60%, Figure 6-8a), fly ash particles dominated the contacts, thus both the peak
and critical-state friction angles stayed constant. When the fly ash content went below the
threshold fly ash content (< 60%, Figure 6-8a), kaolinite-to-kaolinite contact dominated
the behavior. As a result, both the peak and critical-state friction angles decreased as the
kaolinite content increased (Figure 6-8a). Similarly results were observed by Kim et al.
(2005) who investigated the peak and critical-state friction angles of a binary soil (SM
mixed with ML). When the SM content increased from 50% to 100% (where bottom ash
was the dominant), the peak friction angle was found to be almost constant (increased by
10  20 ) and the critical-state friction angle slightly increased (by 30 ). Rivard-Lentz et

al. (1997) reported that the undrained shear strength kept almost constant when bottom
ash mixed with bentonite up to 20%. Their findings all indicate that when the coarsegrained soil becomes the dominant component in a mixture (the contacts are formed
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through coarse grains, fines only fill in the interparticle voids), the strength of the binary
soil will be governed by the continuous contacts of the coarse particles.
6.4.3. Effect of Polymers on the Particle Associations and Microfabric. Due to
the effect of polymer bridging (Mpofu et al. 2004), kaolinite particles were agglomerated
together by PEO (Figure 6-3d). The typical measured aggregate size reached 2.585  m ,
which is eight times larger than the typical kaolinite aggregates under SEM (0.3  m ).
PEO could also induce a contraction of the clay interlayer d spacing (Swenson et al.
1998). Thus it condensed the soil and induced densely packed kaolinite aggregates (FF,
Figures 6-3d, and 6-3g). Although chitosan could induce densely packed kaolinite
aggregates (FF) through polymer bridging, its average size (0.980 m ) was found to be
smaller than that of the PEO modified kaolinite (2.585  m ) (Figure 6-3e), which might
be attributed to the following two reasons. Positively charged chitosan will firstly interact
with negatively charged kaolinite through Coulombian attraction (charge neutralization).
However, charge neutralization would not bind kaolinite particles together and therefore
would not induce large compacted aggregates (Chen and Chung 2011; Huang and Chen
1996; Parazak et al. 1988). Besides, charge neutralization process might reduce the
number of available polymers that participate in the secondary interaction - polymer
bridging, such as hydrophobic interactions and hydrogen bonds (Kim and Yang 2012;
Zhang et al. 2013). As a result, given the same dosage, the polymer bridging effect of
Chitosan is weaker than PEO. Due to the strong electrostatic repulsion forces among the
negatively changed xanthan gum, fly ash and kaolinite, xanthan gum chains are extended
and repelled out, which lead to the formation of a loose-open microfabric (EF, EE)
(Benchabane and Bekkour 2006; Labille et al. 2005; Tan et al. 2014; Zhang et al. 2013).
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In addition, the anionic side chains of xanthan gum are close to each other (Figure 6-2),
inducing high charge density, strong electrostatic repulsion, and thus a rigid double-helix
conformation (Lp=120 nm), which compromise the bridging effect (Labille et al. 2005;
Lafuma et al. 1988) and contribute to the formation of EE and EF microfabric (Figures 63f, and 6-3i).
6.4.4. Effect of Polymers on the Stress – Strain Behaviors. The observed post
peak strain-softening behavior of polymer modified fly ash-kaolinite mixtures (i.e., PEO)
is primarily attributed to the “damage” of polymer induced flocculated and aggregated
microfabrics during shearing. In addition, van der Waals attraction and polymer bridging
could develop interparticle cohesion between soil particles (Cole. et al. 2012), thus
induces apparent overconsolidation to the normally consolidated soils which exhibited
post peak strain-softening behaviors during shearing (Figure 6-6a, Nugent et al. 2010;
Mitchell and Soga 2005). Although post peak strain-softening was observed, the
organically modified fly ash-kaolinite mixtures did not show any trend of dilation due to
the positive net pore-water pressure generation during shearing (Figure 6-6b). The
positive net pore-water pressure generation is attributed to the entanglement and crosslinking of polymer strands in the clay-polymer interwoven network, which developed
open interparticle pores (Kim and Palomino 2009).
PEO was found to slightly increase the critical-state friction angle of the 30% fly
ash-kaolinite mixtures (Figures 6-8a and 6-8d), which is attributed to the following two
reasons. (1) Formation of the clay-polymer-fly ash interwoven network by “polymer
bridging”. The entanglement of the adsorbed PEO chains would act as “adhesive
bonding” between kaolinite particles, which contribute to the increase of interparticle

129
attractive force (Gregory 1985; Mpofu et al. 2004; Nugent et al. 2010; Podsiadlo et al.
2007; Swenson et al. 1998; Theng 1982). As a result, the shear resistance increased. (2)
Increased aggregate sizes by polymer bridging (Figure 6-3d). The “particles” become
coarser in the mixture, thus the aggregate-to-aggregate friction resistances increase
(Anandarajah et al. 1996; Kuganenthira et al. 1996). Similar to PEO, the positively
charged chitosan could also bridge kaolinite particles while the critical-state friction
angle only increased slightly (Figure 6-8d). On the other hand, the repulsion force
between negatively charged xanthan gum chains, fly ash, and kaolinite particles leaded to
a loose-open microfabric, where the particles were loosely associated and dispersed away
from each other (Atesok et al. 1988; Theng 1982; Zhang et al. 2013). In addition, the
repulsion force between xanthan gum chains and kaolinite particles reduces the
interparticle attractive force, which is equivalent to a reduction of the “effective stress”
(Mitchell and Soga 2005). Therefore, the critical state friction angle of xanthan gum
modified mixture slightly decreased (Figure 6-8d).
The cross-linking and entanglement of polymer chains leaded to a highly
interlinked clay-polymer interwoven network (Nugent et al. 2010; Gregory 1985;
Podsiadlo et al. 2007, Theng 1982). Interparticle open pores were formed in the network
due to higher degree of flocculation and aggregation where more water is trapped in. In
addition, the polymers all have hydrophilic function groups which provide additional
adsorption sites for water molecules. As a result, the void ratio and liquid limit both
increased slightly at macro scale (Table 6-2). For example, the mixing of xanthan gum
relatively increased the water content and raised up the positions of CSL and NCL of the
fly ash-kaolinite mixtures. The measurement of the zeta potential of Xanthan gum treated
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fly ash soil mixtures (Kang et al. 2013) indicated that high interparticle repulsive forces
and greater thickness of the EDL have been induced. Therefore the soil particles were
largely dispersed by each other which would allow greater interparticle void space and
result in higher initial void ratio.
6.5. CONCLUSIONS
The stress-strain behaviors of fly ash-kaolinite mixtures and organically modified
fly ash-kaolinite mixtures were investigated in this study by conducting consolidated
undrained triaxial compression tests. The following results were concluded:
(1) Due to the effect of polymer bridging, the addition of PEO and chitosan
induced flocculation (EF) and aggregation (FF) to the soil which yielded larger and
densely packed kaolinite aggregates. Due to the strong interparticle repulsion forces,
however, loose-open microfabric (EF, EE) was observed for xanthan gum treated soil
where the particles were dispersed away from each other.
(2) The Cv of kaolinite was found to increase as the fly ash content increased.
PEO and Chitosan resulted in higher values of the Cv while xanthan gum relatively
decreased the Cv of 30% fly ash-kaolinite mixture.
(3) High ionic strength could induce flocculated/aggregated microfabric, yield
“larger” and densely packed kaolinite aggregates, and increase the interparticle attractive
force. Therefore, the addition of salt to kaolinite has induced post-peak strain softening
behavior during shearing and increased the critical-state friction angle. In addition,
flocculation and aggregation would decrease the specific area and increase the density of
the kaolinite, which leaded to a reduction of the water content and void ratio at
macroscale, thus lowered the position of the CSL (NCL).
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(4) Before threshold fly ash content (～60%), both the peak and critical-state
friction angles increased as fly ash content increased. When the fly ash content goes
beyond the threshold fly ash content, continuous fly ash particle contacts might generate
throughout the sample where the external forces are mainly taken by the chains of fly ash
particle contacts. As a result, both the peak and critical-state friction angles stayed
constant/or increased slightly. In addition, more kaolinite is replaced by increasing of fly
ash content, which not only increases the ionic strength (shrinks the kaolinite’s EDL), but
also enhances the fly ash to fly ash particle contacts, thus lead to lower compressibility
and lower positions of the NCLs and CSLs.
(5) Polymer modified fly ash-kaolinite mixtures exhibited post peak strainsoftening behavior during shearing, which might be attributed to the “damage” of claypolymer interwoven network and the “apparent” overconsolidation induced by the
polymer “adhesive bonding”. PEO mediated large kaolinite aggregates and leaded to the
formation of the kaolinite-polymer interwoven network, thus the critical-state friction
angle was increased. The addition of xanthan gum, however, deflocculated the
microfabric which leaded to lower resistance to the external stress, thus the critical-state
friction angle was decreased.
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1. INTRODUCTION
This study investigated the mechanical characteristics of organically modified fly
ash-kaolinite mixtures. Organic agents, such as biopolymers (Chitosan and Xanthan gum)
and synthetic polymers (Polyethylene Oxide) were utilized to improve the engineering
properties of the fly ash-kaolinite mixtures so as to increase the reuse volume of class F
fly ash in geotechnical engineering. The effects of fly ash and polymers on the
microstructure and geotechnical properties, such as strength, stiffness, stiffness
anisotropy, and compressibility of the organically modified soils were investigated by a
series of laboratory tests which include scanning electron microcopy test, Atterberg limits
test, conduction test, proctor compaction test, consolidation test, bender element test, and
triaxial compression test. Based on the laboratory investigations, a few conclusions have
been drawn which are presented in the following section.
7.2. CONCLUSIONS
The laboratory investigation showed that organic polymers were able to modify
the microfabrics and particle associations of the kaolinite and fly ash-kaolinite mixtures.
Due to the change of microfabric and pore fluid chemistry, the geotechnical properties of
organically modified soils were found largely dependent on the polymers. The addition of
fly ash could reduce the liquid limit and plastic limit of the kaolinite, which in turn
decreased the PI. Organic agents, such as xanthan gum was found to increase the liquid
limit of the kaolinite, however, the liquid limit was quite constant for PEO and Chitosan
modified soils. The maximum dry unit weight was found to increase and the optimum
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water content was found to decrease by the addition of fly ash. The addition of organic
polymers resulted in a slightly increase of the maximum dry unit weight, however, the
dry unit weight decreased as the organic content increased further. The thermal
conductivity of fly ash-kaolinite mixtures was found relatively low compared with pure
kaolinite, and an increase of the organic agents could cause the thermal conductivity to
decrease.
A new floating wall-type consolidometer bender element testing system was
developed to study stiffness anisotropy of clays at applied vertical stress up to 800 kPa.
The floating wall design eliminated the detrimental bending moment that acted upon the
benders due to soil settlement, which greatly improved signal quality and bender reuse. In
addition, the water chamber maintains saturation and pH, salt concentration of bulk fluid.
Floating wall-soil interface resistance was evaluated with both pulling tests and analytical
equations, and was quantified with cohesion and friction components. Analytical
equations were then derived to calculate the wall resistance-corrected vertical effective
stress. The shear wave velocity of kaolinite was measured via the bender element test
which indicated that Vs increased with stress, density, and concentration. The hierarchy of
Vs in three orthogonal directions (i.e., hh > hv > vh) agreed with results in the literature. It
was also illustrated that Vs anisotropy increased with applied stress and decreased during
unloading. Several advantages of the newly developed device in measuring stiffness
anisotropy over a triaxial test setup were discussed. The benefit including easiness of
installing horizontal bender elements, concurrent measurement of Vs in three orthogonal
directions in one sample (compared to single pair bender element setup), the flexible
geometry in design that can improve the signal quality by limiting side-reflected P-waves
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and the near field effects (compared to three pairs BE setup), and the reduction of directly
transmitting P-waves (compared to conventional setup).
The shear wave velocity and its anisotropy of organically modified fly ashkaolinite mixtures were investigated by using the novel designed floating wall
consolidometer type bender element testing system. The compressibility and swelling
potential decreased as the fly ash content increased. PEO and chitosan could reduce the
compressibility and swelling potential; however, xanthan gum relatively increased the
compressibility and swelling potential of the organically modified fly ash-kaolinite
mixtures. As the fly ash content increased, the magnitude of Vs in three orthogonal
directions increased, however, the Vs anisotropy decreased. The increase of Vs is
attributed to the increase of the number of fly ash contacts in the fly ash-kaolinite
mixtures (due to the replacement of the kaolinite by fly ash). The decrease of the Vs
anisotropy is due to the fly ash particle’s spherical shape which has little stress induced
fabric anisotropy. When the fly ash content is less than the Fth (%) , the fly ash-kaolinite
mixture’s fabric anisotropy was found to increase as kaolinite content increased. On the
other hand, when the fly ash content is higher than the Fth (%) , the Vs anisotropy almost
vanished due to the continuous fly ash-to-fly ash contacts. PEO and chitosan were found
to increase the Vs of the fly ash-kaolinite mixtures. The reasons are attributed to the
increased aggregate sizes by “polymer bridging” and the formation of the rigid claypolymer interwoven network. The xanthan gum, however, was found to decrease the Vs
which could be attributed to the development of deflocculated and dispersed
microfabrics. As loading increased, the Vs anisotropy of the organically modified soil also
increased which is comparable to the inorganic soils. However, the decrease of the
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Vs-hh / Vsvh and Vs-hv / Vsvh of the organically modified fly ash-kaolinite mixtures under the
same stress conditions indicating that the organically modified soils have less Vs
anisotropy and are stiffer both horizontally and vertically. The major reasons are
attributed to the polymer induced larger aggregates which reduced the degree of fabric
anisotropy and stress anisotropy inside the specimen. In addition, the cross anisotropy
assumption is found to be valid when fly ash content is higher than Fth, while it is invalid
as fly ash content is lower than the Fth.
Regarding to the large-strain strength, the mechanical characteristics of fly ashkaolinite mixtures and organically modified fly ash-kaolinite mixtures were investigated
by conducting consolidated undrained triaxial compression tests. The physicochemical
conditions (i.e., the pore fluid chemistry) were found to influence the stress-strain
behaviors, the positions of CSL, and the shear strength. The observed post-peak strain
softening behavior of salt treated NC kaolinite could be attributed to the damage of initial
flocculated microfabric during shearing. In addition, the salt could also increase the
critical-state friction angle of kaolinite. As fly ash content increased, the undrained shear
strength and friction angles (both peak and residual) improved gradually. The fly ash not
only chemically changes the pore fluid chemistry but also mechanically improves the
contacts and frictional resistance. In addition, the positions of NCLs and CSLs have been
lowered by adding fly ash. PEO was found to effectively increase the critical-state
friction angle; however, xanthan gum slightly decreased the critical-state friction angle.
The flocculation and polymer entanglement (clay-polymer interwoven network) could
contribute to the increase of shear resistance (PEO and Chitosan), however, the

136
deflocculated microfabric (xanthan gum modified soil) which has lower resistance to the
external stress would decrease critical-state friction angle.
7.3. RECOMMENDATIONS
This work investigated the mechanical responses of organically modified fly ashkaolinite mixtures and provides insight and knowledge to explain the observed behaviors
of the engineering properties of the polymer modified soils. It is recommended that, in
the future, the following areas need to be further studied.
1.

Investigate the microstructure and different functional groups of organic
polymers on the efficiency of adsorption process on clay surface. Carry
out kinetics study on the clay-polymer suspensions, including the
adsorption and de-adsorption kinetics of polymers on the clay surface and
the subsequent interaction between organic cations and inorganic cations
on clay surface.

2.

Numerical simulation on the effect of polymers on the shear strength
behavior using molecular dynamics or programs at the clay particle scale
level.

3.

Test the durability of polymer modified fly ash-kaolinite mixtures under
multiple impacts and harsh environment, such as wet and dry loading
cycles, freezing and thaw cycles, tsunami earthquake loading, tide and
wind erosion, UV exposure loading, and etc.

4.

Conduct field level applications (design, construction, and monitoring) of
the polymer modified soil, such as deep soil mixing, pavement subgrade
soil replacement, and embankment and levee fills. Carry out long term
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monitoring of their geotechnical properties, for example, settlement, creep,
pore-water-pressure change, tomography evolution, strength, as well as
leaching properties of the polymer modified fly ash-kaolinite mixtures in
the field.
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8. APPENDIX
Upper and Lower Bound Threshold Fly Ash Content Calculation
Case I: Simple Cubic Packing
Given the mass of fly ash ( M FA ), the number of fly ash cenospheres can be
calculated by Equation (4):

N FA 

3M FA
3
4 Gs  FA w  R 3   R  S  



Equation (1)

where M FA is the dry mass of fly ash; the R is the outer radius of the fly ash cenosphere,
and  w is the density of water, and S is the fly ash shell thickness, Gs  FA is the specific
gravity of fly ash.
At simple cubic packing, the void ratio is esimple ( esimple =0.91), thus, the total
volume of interparticle voids, Vv , is:

4
Vv   R 3 N FAesimple
3

Equation (2)

Since the interparticle voids are taken up by kaolinite and water, and given the
water content of the kaolinite, w ( w =0.30, obtained from consolidation test, at 800kPa
'
 600kPa ), the volume of the
vertical consolidation stress, which is equivalent to  corr

water ( Vw ) and the volume of the kaolinite ( VKA ) in the interparticle voids are:

Vw 

Vv
, and VKA  Vv  Vw
(1  w / Gs  KA )

Equation (3)
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where Gs  KA is the specific gravity of the kaolinite. The mass of kaolinite
is M KA  Gs KA wVKA . Putting M FA and M KA into Equation 4, the lower bound threshold
fly ash content could be calculated, which is 53.1%.

Fth 

M FA
M FA  M KA

Equation (4)

Case II: Face-Centered Packing
Repeat Equations 1-4, only change the void ratio from esimple to e facecentered (0.35),
then the upper bound threshold fly ash content could be calculated, which is 74.6%.

Model Parameters:
R, average radius of the fly ash cenosphere, the diameter of the cenosphere (0.028 mm) is
determined from d50 value from PSD curve (hydrometer test)
S, shell thickness of cenospheres (0.0033mm, mean shell thickness from statistical
analysis of 36 SEM images, see section “shell thickness”)

M FA , dry mass of fly ash
M KA , dry mass of kaolinite

Gs  FA , specific gravity of fly ash, Gs  FA =2.7
Gs  KA , specific gravity of kaolinite, Gs  KA =2.6
esimple , void ratio when cenospheres in simple cubic packing, esimple =0.91
e facecentered , void ratio when cenospheres in face-centered packing, e facecentered =0.35
w , water content, which is dependent on the consolidation stress
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